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Abstract 
Current models for studying enteric infecƟons fail to fully recapitulate the complexiƟes 
of the small intesƟnal epithelium in vivo and are also too simplisƟc in that they do not 
contain elements of the mucosal immune system such as dendriƟc cells, important in 
intesƟnal homeostasis. More complex models incorporaƟng these elements would be 
beneficial to study enteric infecƟons, such as T. gondii, which enters the host through 
the small intesƟnal epithelium and can cause severe encephaliƟs and birth defects. 
IdenƟficaƟon of the host and parasite pathways involved in invasion of the epithelium 
by T. gondii might lead to the generaƟon of novel therapeuƟcs or vaccines.  
Organoid cultures have recently been developed, where intesƟnal stem cells divide in 
vitro to generate 3D structures recapitulaƟng the cellular diversity and architecture of 
the small intesƟnal epithelium. This makes organoids a promising model for studying 
enteric infecƟons and inflammatory diseases. However, organoids have not been fully 
exploited for studying enteric infecƟons, due to an inaccessible luminal surface. 
Furthermore, very few studies have aƩempted to co-culture immune cell populaƟons 
with the organoids.  
The work carried out in this doctoral thesis set out to address the lack of suitable 
models for studying early infecƟon events. Organoids were dissociated to expose the 
luminal surface to infecƟon by T. gondii. Live imaging showed the expulsion of infected 
cells into the lumen, a possible mechanism for the spread of infecƟon in the intesƟne 
seen in vivo. The injecƟon of parasite effector proteins into host cells that were not 
subsequently infected was observed, suggesƟng an extensive manipulaƟon of host 
cells. This method will allow for high throughput analyses that could be used in drug 
screenings for the development of novel compounds that protect against infecƟon. 
However, infecƟon events are not restricted to the luminal surface of the epithelium, 
the physiologically relevant route of infecƟon. To address this, protocols were 
developed for the microinjecƟon of T. gondii into the luminal space of organoids. This 
method restricts infecƟon to the luminal surface and allows for the visualisaƟon of 
parasite infecƟon, transmigraƟon, and host cell responses. 
DendriƟc cells with a small intesƟnal phenotype were derived from bone marrow, 
providing a widely accessible method for studying the funcƟon of intesƟnal dendriƟc 
cells. Co-culture of these dendriƟc cells with organoids provides a novel model that 
captures more elements of the intesƟnal environment than exisƟng models. Co-
cultures led to the unexpected finding that organoids suppressed aldehyde 
dehydrogenase expression in dendriƟc cells, while live imaging revealed characterisƟc 
behaviours such as luminal sampling, and surveillance of the organoid surface by 
dendriƟc cells.  
The models developed in this study provide important tools in studying host-pathogen 
interacƟons during early infecƟons of the small intesƟnal epithelium. They can be 
adapted to include organoids and dendriƟc cells derived from knockout or transgenic 
mice that may elucidate the molecular pathways involved in intesƟnal homeostasis. 
These can also be applied to a wider field of research including inflammatory diseases, 
such as Crohn’s disease, whereby dendriƟc cells are suggested to exhibit abnormal 
responses to the commensal flora. Improving our understanding of the mechanisms 
involved in intesƟnal homeostasis and infecƟon using these novel models can lead to 
the generaƟon of novel therapeuƟcs and vaccines. 
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Chapter 1: General introducƟon 
1.1 Enteric pathogens 
Diseases derived from foodborne pathogens are an important cause of global 
morbidity and mortality in addiƟon to posing a hindrance to socioeconomic 
development. It is esƟmated that over 200 pathogens cause foodborne-illnesses, 
with 31 pathogens aƩributed to over half the cases of disease resulƟng in 600 
million illnesses and 420 thousand deaths globally in 2010 (World Health 
OrganizaƟon, 2015). Incidence is greatly variable throughout the global populaƟon 
with highest burdens associated with low-income regions such as Africa where the 
unimproved water and sanitaƟon condiƟons, and the high prevalence of HIV/AIDS 
contribute to disease burden. 
InfecƟons primarily cause diarrhoeal symptoms with the major pathogens involved 
including norovirus, Campylobacter, Salmonella, and Staphylococcus. Foodborne 
transmission of helminths such as Fasciola also induce illness, and parasites, 
including Toxoplasma gondii, are aƩributed to 33 900 deaths globally in 2010 
(World Health OrganizaƟon, 2015). DifficulƟes in diagnosing the causaƟve agents of 
foodborne-diseases are a result of the non-specific symptoms that the large 
numbers of pathogens share. Along with the wrongful diagnoses of chronic diseases 
aƩributed to enteric infecƟons, the number reported by the World Health 
OrganizaƟon are regarded as conservaƟve esƟmates. Foodborne-illnesses are 
therefore likely to cause a much higher burden on the economy due to the costs of 
healthcare and loss of producƟvity.  
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1.1.1 InfecƟons of the gastrointesƟnal tract 
The human intesƟne has one of the largest surface areas exposed to the external 
environment and is therefore a major site of potenƟal infecƟon. Following ingesƟon 
of certain pathogens, the first site of infecƟon is the gastrointesƟnal tract that 
consists of the mouth, oesophagus, stomach, small and large intesƟnes, the colon 
and rectum. Foodborne pathogens differ in disease severity, clinical symptoms and 
their duraƟon such that some pathogens induce secretory diarrhoea by producing 
exotoxins and others invade epithelial cells to iniƟate an inflammatory response 
resulƟng in inflammatory diarrhoea, such as some strains of Escherichia coli and 
Salmonella enterica, respecƟvely. The small intesƟne is considered the primary area 
of contact between host cell and pathogen. Studying early infecƟon events within 
the small intesƟnal epithelium may allow for the idenƟficaƟon of novel targets that 
can be exploited for the development of effecƟve therapies. In order to achieve 
this, we must understand the homeostaƟc processes of the small intesƟne that 
includes the structure and diversity of the small intesƟne epithelium and the 
funcƟons of small intesƟnal epithelial cells in mucosal homeostasis.  
There is an increasing abundance of anƟmicrobial resistance in enteric pathogens, 
including Campylobacter and Shigella (Sack et al., 2001), requiring the development 
of new treatments or vaccines. The development of novel vaccines and therapeuƟcs 
relies on the beƩer understanding of early infecƟon events within the intesƟnal 
epithelium and the host-pathogen interacƟons that iniƟate mucosal protecƟon. 
With the lack of suitable models of the small intesƟnal epithelium, the development 
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of relevant models for the study of early infecƟon by enteric pathogens is urgently 
required. 
1.2 Small intesƟnal epithelium 
The intesƟnal epithelium provides a physical barrier of defence against external 
products. The second layer of defence is the mucus that also provides a physical 
barrier but also contains anƟmicrobial proteins that cover the intesƟnal surface. The 
third layer of defence are the immune cells that reside within the lamina propria, 
the dense connecƟve Ɵssue underlying the intesƟnal epithelium. All these layers, 
and the muscularis mucosae, consƟtute the mucosal layer. 
The small intesƟnal epithelium consists of a crypt domain and villus domain. The 
small intesƟnal epithelium has one of the highest turnover rates in the whole body. 
This surface is conƟnually renewed by the supply of cells from stem cells that reside 
within the crypt domains residing at the base of villi. These stem cells are idenƟfied 
by expression of growth factor target gene leucine-rich repeat-containing G-protein 
coupled receptor 5 (Lgr5), polycomb group protein (BMI1) and atypical homeobox 
protein (HOPX). They divide asymmetrically to produce transit amplifying cells that 
differenƟate into epithelial cells including enteroendocrine cells, goblet cells, 
Paneth cells, absorpƟve enterocytes, tuŌ cells and M cells. Paneth cells reside 
beside the Lgr5+ stem cells providing signals that maintain the stem cell’s state. 
They are idenƟfied by their large eosinophilic granules that aid in host defence 
against pathogens by secreƟon of anƟ-microbial compounds (Wilson et al., 1999). 
Goblet cells secrete mucins that form a major part of the mucus layer. There are at 
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least 10 types of enteroendocrine cells, and those within the small intesƟne are 
sensors of luminal content, secreƟng hormones that regulate many processes such 
as glucose levels and food intake. Enterocytes produce digesƟve enzymes and 
transport contents from the lumen. M cells transport luminal content across the 
epithelium to immune cells and are therefore important in mucosal immunity. TuŌ 
cells (or brush cells) express chemosensory receptors and are involved in iniƟaƟng 
Th2 immunity against infecƟon (HowiƩ et al., 2016). The small intesƟnal epithelium 
is polarised, differing in structure and funcƟon between apical and basal sides of the 
cell that is important in intesƟnal homeostasis. 
It has been proposed that the small intesƟnal epithelium contains 2 stem cell 
populaƟons, the LGR5+ cells within the crypt domain and BMI1+ cells 4 cells above 
(+4) the crypt base (Barker et al., 2007). Our understanding of the relaƟonship 
between the two populaƟons is sƟll scarce. It is believed that the LGR5+ stem cells 
are responsible for the regeneraƟve capabiliƟes of the small intesƟnal epithelium, 
whereas the +4 BMI1+ cells are quiescent and suggested to increase proliferaƟon 
during epithelial damage (Yan et al., 2012). In general, adult stem cells are 
maintained in their undifferenƟated state by their niche environment. The 
maintenance of their stemness, defined by their self-renewal capacity in an 
undifferenƟated state, are provided by direct cell signalling, growth factors, and the 
extracellular matrix they reside in. Within the crypt domains of the small intesƟnal 
epithelium, LGR5+ cells are interspersed by Paneth cells and their direct contact and 
secreƟon of signalling factors retains the stem cell’s stemness. This is provided by 
EGF, TGF-α, Wnt3 and the Notch ligand Dll4 that induces cell proliferaƟon in an 
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undifferenƟated state (VanDussen et al., 2012; Sato and Clevers, 2013a). 
ProliferaƟon of LGR5+ stem cells within crypt domains push daughter cells upwards 
towards the villus Ɵp. Within the transit amplifying region these cells differenƟate 
into the disƟnct epithelial cell lineages. Through this progression up the crypt-villus 
axis, cells eventually undergo a form of programmed cell death at the villus Ɵp 
known as anoikis. Here apoptoƟc cells are removed from the small intesƟnal 
epithelium into the lumen and subsequently removed with the mucus layer. 
1.2.1 Small intesƟnal stem cell niche 
Stem cell proliferaƟon and differenƟaƟon are Ɵghtly regulated by four signalling 
pathways. Wnt is a key component in maintaining stemness and proliferaƟon of 
stem cells and transit amplifying cells (Korinek et al., 1998). Wnt signalling induces 
the stabilisaƟon of β-catenin that subsequently binds and acƟvates the transcripƟon 
factor Tcf4 that maintains stemness. Epidermal growth factor (EGF) plays an 
intrinsic role in maintaining stem cell fate and TA proliferaƟon (Wong et al., 2012). 
Lastly, bone metamorphic protein (BMP) is prevalent in the villus compartment of 
the small intesƟnal epithelium, involved in supressing the expression of stemness 
genes through Smad1/5/8 and Smad4 signalling, and is inhibited by transgenic 
Noggin in the crypt domains (Haramis et al., 2004). R-spondin is a ligand to Lgr5 and 
is a Wnt signal enhancer and is crucial in vivo for the survival of stem cells (De Lau et 
al., 2011). Paneth cells are key to providing a niche environment for maintaining the 
stem cell’s fate by Notch signalling and Wnt3 signalling. Mesenchymal cells also 
provide Wnt signalling, whereas BMP inhibitors (Noggin) and R-spondin are 
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provided by nonepithelial sources. BMP expressed from cells in the villous 
compartment supresses stemness genes and provides a spaƟal gradient of low BMP 
at the crypt domain and high BMP at the villus compartment, allowing for the 
differenƟaƟon of the small intesƟnal epithelium as cell move up the crypt-villus axis. 
Gradients of Wnts and EGF decrease up the crypt-villus axis, thereby not driving the 
transcripƟon of stemness genes and allowing differenƟaƟon into four major 
epithelial cell types (Figure 1). 
 
Figure 1. SchemaƟc of signalling in the intesƟnal stem cell niche  
Stem cells are adhered to Paneth cells and receive signalling for stem cell maintenance. SpaƟal gradients of 
BMP, Wnt, and EGF signals occur along the crypt-villus axis that affects stem cell state and cell differenƟaƟon. 
1.2.2 Small intesƟnal epithelium plays a role in host defence against pathogens 
The small intesƟne must provide a physical barrier to the external environment to 
prevent infecƟons by pathogens and yet must maintain a balance of symbioƟc 
microbes known as the microbiota. To achieve this, secretory cells of the small 
intesƟnal epithelium have disƟnct roles in intesƟnal homeostasis. Goblet cells of the 
small intesƟne predominantly secrete mucin 2 (MUC2) that is integral in the 
formaƟon of the mucus layer. This mucus layer acts as a physical barrier between 
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host cells and the external environment and interacts with immune cells to alter 
their funcƟon (chapter 1.17.1, page 81). Paneth cells produce anƟmicrobial pepƟdes 
(AMPs) that target pathogens that penetrate the mucus layer. 
Aside from the key role Paneth cells play in maintaining stem cell fate and in 
differenƟaƟon of secretory cells, they produce AMPs that are vital in host defence 
against pathogens. Pathogens that penetrate the mucus layer interact with the 
small intesƟnal epithelium that results in Paneth secreƟon of AMPs to prevent 
infecƟon. Paneth cells secrete α-defensins (or cryptdins) that are involved in 
pathogen clearance, such as α-defensins type 5 and 6 that are essenƟal in host 
protecƟon against Salmonella infecƟons in humans (Salzman et al., 2003). Paneth 
cells also secrete lysozyme and REGIII proteins, all involved in host defence to 
pathogens (Vaishnava et al., 2011). Defects in Paneth cell funcƟon to generate 
AMPs results in significant disease, for example the loss of α-defensin 5 results in 
the development of an inflammatory bowel diseases, therefore AMPD play an 
important role in intesƟnal homeostasis (Wehkamp et al., 2004). 
1.2.3 Tight juncƟons of the intesƟnal epithelium provide a physical barrier against 
infecƟon 
Adjacent cells of the small intesƟnal epithelium aƩach through intercellular 
juncƟons to maintain barrier integrity. This is to produce another physical barrier, 
aŌer the mucus layer, to prevent pathogens from entering the body. There are four 
types of juncƟons, the apical complex formed of a Ɵght juncƟon followed by 
adherens juncƟon then a desmosome, and gap juncƟons (Figure 2). Tight juncƟons 
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span the intercellular space at the apical side of the intesƟnal epithelial cells that 
allows molecules of nanometres through. There are four groups of transmembrane 
proteins that much up Ɵght juncƟons in the small intesƟnal epithelium; occludins, 
claudins, juncƟon-adhesion-molecules (JAMs), and Coxsackievirus and Adenovirus 
Receptor (CAR) proteins. Occludins and claudins interact with neighbouring cells 
through extracellular loops whereas JAMs and CARs aƩachment involves IgG-like 
domains. Adherens juncƟons, desmosomes and gap juncƟons control intracellular 
signalling and cell-cell adhesion (GuƩman and Finlay, 2009). These cell adhesion 
complexes compartmentalise the external environment from the lamina propria of 
the intesƟnes, however some pathogens are known to disrupt cell juncƟons as a 
means of crossing the small intesƟnal epithelium. 
 
Figure 2. SchemaƟc showing arrangement of juncƟons in the polarised intesƟnal epithelium.  
The apical juncƟon complex is formed of Ɵght juncƟons and adherens juncƟons at the most apical side of the 
epithelium. Gap juncƟons and desmosomes are situated below the apical juncƟon complex. Intermediate 
filaments aƩach to desmosomes, and acƟn filaments aƩach to Ɵght juncƟons and adherens juncƟons. 
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DisrupƟon of cellular Ɵght juncƟons increases the permeability of the small 
intesƟnal epithelium that results in the onset of disease symptoms such as 
diarrhoea. Escherichia coli (E. coli) uƟlise a type 3 secreƟon system to inject effector 
proteins within the cytoplasm of host cells resulƟng in gastroenteriƟs symptoms 
such as diarrhoea. This affects the host cytoskeleton that ulƟmately disrupts cellular 
Ɵght juncƟons and increases epithelial integrity (Roxas et al., 2010). 
Studying the events that increase permeability of the small intesƟnal epithelium 
that cause gastroenteriƟs is important to determine key factors that can be 
exploited to develop novel vaccines. 
1.3 Current infecƟon models of the small intesƟne 
Various types of models have been uƟlised to study host-pathogen interacƟons of 
the small intesƟnal epithelium. These include in vitro monolayer cultures, primary 
epithelial cultures, ex vivo Ɵssue cultures, and in vivo models. The ideal culture 
would contain the cellular diversity and structure to provide a representaƟve tool 
for studying enteric infecƟons. 
1.3.1 In vitro immortalised cell lines 
Several intesƟnal epithelial cell lines exist that derive from tumorigenic cells and are 
therefore immortalised and are highly proliferaƟve. The benefits of using these cells 
lines involve their low cost running and ease of culture with their high proliferaƟon 
providing high throughput screening applicaƟons. A key limitaƟon to their use is 
their reduced complexity and low physiological relevance due to their tumour-like 
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characterisƟc that diverges from their in vivo counterpart. The colonic 
adenocarcinoma cell line Caco-2 provides a monolayer of polarised enterocyte-like 
cells and is a rouƟnely used culture for invesƟgaƟons of intesƟnal physiology. Their 
use in infecƟon modelling involved analysing basic invasion assays and have 
elucidated many mechanisms in pathogenic infecƟons. 
Monolayers may not be representaƟve of the small intesƟnal epithelium due to 
their differing structure and limited cellular diversity. Moreover, culture of these 
cells lines over a period of Ɵme alters their physiology such that they can form 
mulƟple layers, decrease in transepithelial electrical resistance and cellular 
diversity, and increase in proliferaƟon over passage (Lu et al., 1996; Briske-
Anderson, Finley and Newman, 1997). This means that host-pathogen interacƟons 
using in vitro cell lines may vary in results depending on cell passage number and 
can even vary between laboratories. Within cell line cultures, there is typically a 
dominaƟng cell type. With Caco-2 cells these are funcƟonally similar to enterocytes 
involved in nutrient absorpƟon, however derive from a colorectal origin. The lack of 
secretory cells, Paneth cell and goblet cells, is an important consideraƟon since 
these are involved in the secreƟon of anƟmicrobial products and 
cytokines/chemokines that influence the host response to infecƟons. Without these 
cell types, host-pathogen interacƟons cannot be accurately recapitulated.  These 
cell lines do not possess the same Ɵght juncƟons and have reduced transepithelial 
resistance as the small intesƟnal epithelium. They are also known to form mulƟple 
layers, which makes it difficult to study pathogen manipulaƟon of epithelial barrier 
funcƟon. 
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1.3.2 3D cultures of immortalised cell lines 
Improvements to the Caco-2 cell model by increasing goblet cell abundance with 
the addiƟon of HT29-MTX sƟll has its limitaƟons (Béduneau et al., 2014). This is due 
to the culture on a 2D plaƞorm, whereby Ɵssue architecture influences cell 
mechanisms and behaviour in a 3D environment. This 3D environment is 
established through the producƟon of extracellular matrix within Ɵssues and 
interact directly with cells to aid in their differenƟaƟon and funcƟon. Therefore, 
adding a 3D quality to current 2D culture may improve resemblance of in vivo 
physiology. Culturing these cells lines on to scaffold improves cellular differenƟaƟon 
and resembles in vivo funcƟonality. This is evident in culturing of Caco-2/HT29-MTX 
on a syntheƟc scaffold poly-lacƟc-glycolic acid (PLGA) to produce small intesƟnal 
epithelial topography contacƟng both differenƟated and undifferenƟated IECs, just 
as in vivo (Costello et al., 2014). Although an improvement on modelling the small 
intesƟnal epithelium, these cultures lack all the cell types of the epithelium such as 
Paneth cells that are crucial for infecƟon studies.  
1.3.3 Explant and primary adult Ɵssue cultures 
To aƩain an in vitro model of the small intesƟnal epithelium incorporaƟng Ɵssue 
structure and cellular diversity, explant culture of Ɵssue can be used. This would 
provide a suitable model to study infecƟons, however most studies uƟlising 
explants of the SI were designed for permeability studies. A major issue uƟlising 
explants and primary adult Ɵssue cultures is the short-term viability. This is due to 
the thickness of the Ɵssues that prevent oxygenaƟon of the interior. These can be 
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improved using perfusion systems, however these are technically challenging 
procedures and the benefits are not yet fully understood. This limitaƟon of culture 
period may make this method redundant in modelling enteric infecƟons. However, 
they can prove useful in certain short term infecƟon studies, such as the use of 
explant intesƟnal Ɵssue maintained in an Ussing chamber to visualise the 
transmigraƟon of T. gondii across the epithelium (Barragan and Sibley, 2002). 
UlƟmately, this culture system relies heavily on biopsies and animals for the 
isolaƟon of Ɵssue. The repeated use of animals in experiments is unfavourable, and 
their short-term viability make explants and primary Ɵssue cultures undesirable to 
study enteric infecƟons. 
1.3.4 In vivo models of enteric infecƟons 
The limitaƟons posed by in vitro models for studying host-pathogen interacƟons in 
the SI means that the use of in vivo models is necessary to mimic enteric infecƟons. 
The advent of knockout or gene silencing techniques in animal models provides a 
vital tool, however there are several challenges with using in vivo models. 
 Pathogens are administered through oral gavage or through intravenous or 
intraperitoneal injecƟons. The limitaƟons of oral gavage are that it does not 
represent a realisƟc exposure scenario whereby the chewing stress and potenƟal 
accidental aspiraƟon may result in different outcomes of results. It is also difficult to 
quanƟfy the administraƟon of pathogens through this method. Enteric pathogens 
generally develop sparse foci of infecƟon along the surface area of the intesƟne 
during early stages of infecƟon. This presents difficulƟes in analysing host-pathogen 
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interacƟons during infecƟon since the whole Ɵssue needs to be analysed thereby 
losing localised responses to infecƟon against a background of mostly unperturbed 
Ɵssue. 
Using animal models to study infecƟons related to other species may not mimic the 
pathophysiology of infecƟon. An example is the bacteria Campylobacter jejuni. 
Disease pathology differs between mice and humans whereby infecƟon in mouse 
models are relaƟvely resistant to colonisaƟon by C. jejuni and requires humanised 
gut flora for the establishment of disease or geneƟc manipulaƟon to develop 
exaggerated inflammatory responses (Bereswill et al., 2011; Haag et al., 2012). The 
differences in disease severity within hosts therefore poses a potenƟal species 
mismatch when using an animal model to study host-pathogen interacƟons for 
diseases in other species.  
Larger animal over mouse models for the study of infecƟons to improve relevance is 
challenging. Acquiring ethical approval is difficult due to potenƟal animal welfare 
issues and costs involved in maintaining these animals in large faciliƟes is a limiƟng 
factor. Since the introducƟon of the 3Rs (replacement, reducƟon and refinement) in 
using animals for research, we need to develop new strategies and methods that 
reduced the use of animals in infecƟon studies (PrescoƩ and Lidster, 2017). 
1.3.5 Organ-on-a-chip models of the intesƟne 
In the last few years, new model systems have been developed that beƩer 
represent in vivo environment of the small intesƟne. Organ chips are microfluid 
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devices that contain chambers inhabited by cells that are subjected to conƟnuous 
perfusion with medium to provide a model that closely resembles organ physiology. 
For the intesƟne, models have been developed that incorporate intesƟnal epithelial 
cells, commensal bacteria, immune cells, and pathogens. For example, a study using 
the cell line Caco-2 in perfusion with commensal bacteria resulted in transcripƟonal 
responses that differed from that of a simple coculture.  However, this model is very 
complex and is limited by the separaƟon of microbial and IECs and by the short life 
span of cells in these perfusion cultures (Shah et al., 2016). 
Microfluid 2-channel Gut Chip models have been established that recapitulates the 
physiology of the intesƟnal epithelium that undergo peristalsis-like moƟons (Kim et 
al., 2016). This model incorporates the small intesƟnal epithelium, immune cells in 
the form of peripheral blood mononuclear cells, commensal bacteria, and 
microvascular endothelial cells. Caco-2 cells in this Chip retained stem cell-like 
features and differenƟated into the four lineages of the small intesƟnal epithelium; 
enteroendocrine cells, enterocytes, goblet cells, and Paneth cells, in a crypt-villus 
morphology. Gut Chips mimic the dynamic human intesƟnal microenvironment to a 
higher degree than current 2D and ex vivo 3D cultures and can integrate pathogenic 
bacteria to study interacƟons that are more physiologically relevant. 
However, the use of immortalised cells lines is sƟll an issue with regards to this 
culture method and the varying differences in cultures and mechanisƟc set-up 
between laboratories leads to varying results. Therefore, a more suitable model 
may be derived from stem cells within the small intesƟnal epithelium cultured in 
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ECM to provide a 3D culture, termed organoids, that closely resembles the 
physiology of its in vivo counterpart. 
1.4 Small intesƟnal organoids  
An organoid is defined as a self-organising, Ɵssue like structure that contains the 
various cell types of its specific organ. These in vitro cultures are within ECM gel and 
supplied with specific growth factors that allows for the efficient maintenance and 
expansion of their stem cell populaƟons. IntesƟnal organoids derive from Lgr5+ 
stem cells that reside within crypt structures of the small intesƟnal epithelium, that 
proliferate and differenƟate to develop bud-like crypt structures and villous cells 
containing the differenƟated cell types of the intesƟnal epithelium that enclose a 
central lumen (Figure 3) (Sato et al., 2009). 
Crypt cells of the small intesƟne of mice are embedded in Matrigel, an ECM gel, and 
cultured in medium containing EGF, noggin, and R-spondin. These condiƟons mimic 
the physiological intesƟnal epithelial niche microenvironment that generate 
organoids for mice, and have since been opƟmised for other species including 
humans, cat, dog, pig, cow, horse, sheep, and chicken (Sato et al., 2011; Powell and 
Behnke, 2017; DerricoƩ et al., 2018; Hamilton et al., 2018). Due to the expansion of 
small intesƟnal epithelial stem cells and their longevity in culture, these organoid 
systems can expand indefinitely, allowing for the reducƟon of animals in research. 
Organoids provide a more suitable model of the intesƟnal epithelium due to their 
similar architecture and cell diversity. 
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Figure 3. 2D SchemaƟc of a small intesƟnal organoid  
Organoids develop into crypt-villus structures containing all the mulƟple cell types of the small intesƟnal 
epithelium. 
1.4.1 IntesƟnal organoids as models for infecƟous diseases 
The use of organoids as disease models have mostly concentrated on drug 
development assays and cancer models with limited use in studying enteric 
infecƟons. Since this study began, intesƟnal organoids have been developed as a 
suitable infecƟon model for bacteria, such as Salmonella (Wilson et al., 2014; Zhang 
et al., 2014; Forbester et al., 2015), Clostridium difficile (Leslie et al., 2015), and 
Escherichia coli (Karve et al., 2017), viruses such as rotavirus (Yin et al., 2015; Hakim 
et al., 2018), norovirus (Zhang et al., 2017), and influenza (L. Huang et al., 2017), 
and parasites such as Cryptosporidium parvum (Zhang et al., 2016; Heo et al., 2018).  
InfecƟons of murine organoids with Salmonella enterica serovars Typhimurium 
decrease the expression of certain Ɵght juncƟon proteins such as ZO-1 and some 
claudins resulƟng in the disrupƟon of the barrier integrity. Inflammatory cytokines 
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also increase in expression such as IFN-γ and TNF-α, with reducƟon in stem cells 
markers, all of which are seen in vivo (Zhang et al., 2014). Another study uƟlising 
this infecƟon model described the importance of α-defensins expressed by Paneth 
cells in the prevenƟon of bacterial growth (Wilson et al., 2014). Using Salmonella in 
human organoids derived from pluripotent stem cells expressed similar results to 
the murine infecƟon model, with the increased expression of inflammatory 
cytokines (Forbester et al., 2015). Clostridium difficile infecƟons of human organoids 
from pluripotent stem cells presented with a loss of barrier integrity, and this was 
determined to depend on the toxin TcdA expressed by the anaerobic bacterium 
(Leslie et al., 2015). Human organoids infected with O157:H7 Escherichia coli 
displayed changes in cell adhesion protein expression and increased expression of 
inflammatory cytokines such as TNF-α and IL-1β. Polymorphonuclear cells were 
added to this infecƟon and increased aƩracƟon to sites of infecƟon was observed 
(Karve et al., 2017). These studies reveal the relevance of using intesƟnal organoids 
to study host-pathogen interacƟons with bacteria. 
Organoids present a suitable model for viral infecƟons that are difficult to model 
using cell lines. Rotavirus is able to replicate in human organoid cultures, with the 
inducƟon of IFN signalling (Yin et al., 2015; Hakim et al., 2018). Treatments with 
IFN-γ and anƟvirals such as ribavirin inhibited rotaviral growth, however organoids 
were less sensiƟve to these anƟviral treatments than infected cells line which is 
representaƟve of that seen in vivo, therefore supports the use of organoids rather 
than cell lines for tesƟng therapeuƟcs. There are very limited models that allow for 
the efficient replicaƟon of norovirus in vitro. Human organoids infected with 
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norovirus allow a limited expansion of the virus but is sƟll a promising alternaƟve 
model. Norovirus infects enterocytes, therefore the development of factors to 
increase enterocyte quanƟƟes within organoids may improve expansion of the virus 
in vitro. Organoids have recently been developed to model avian influenza H9N2 
subtype that replicates in avian intesƟnes and spread in faeces posing a significant 
zoonoƟc health risk (L. Huang et al., 2017). InfecƟon of murine intesƟnal organoids 
resulted in a decrease in Paneth cells and subsequently stem cell markers that 
affected the growth and differenƟaƟon of organoids. This is a new model for the 
influenza virus and is yet to be fully exploited. Organoids provide a beƩer 
alternaƟve to cell lines in modelling viral infecƟons since organoids support the 
replicaƟon of viruses otherwise seen in vivo with similar pathology. 
In vitro models for parasites with complex life cycles such as Cryptosporidium 
parvum (C. parvum) are inefficient for parasite propagaƟon. However, these models 
consist of monolayers derived from kidney and colon cell lines, not representaƟve 
of the small intesƟnal epithelium. IntesƟnal and lung organoids generated from 
human biopsy samples provide relevant models for C. parvum infecƟon, with 
microinjecƟons into the lumen of these organoids restricƟng infecƟon to the 
luminal surface. Here, C. parvum propagated, developed into infecƟous oocysts and 
underwent a complete life cycle as determined by electron microscopy and 
transcriptomics, with a type I response iniƟated in host cells (Heo et al., 2018). 
Organoid expansion was restricted upon infecƟon, stem markers decreased in 
expression and Wnt signalling was reduced otherwise involved in stem cell 
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maintenance (Zhang et al., 2016). This reveals that organoids can be used as an 
appropriate infecƟon model for enteric parasites. 
Enteric infecƟons occur at the luminal surface of the small intesƟnal epithelium. 
However, organoids present technical difficulƟes in reflecƟng this physiologic route 
of infecƟon due to the enclosed lumen. The small intesƟnal epithelium is polarised, 
with different receptors at either basal and apical sides. Therefore, infecƟon from 
one side may incur different host responses to that of the basal side. One way to 
restrict infecƟon to the luminal surface is through the use of a microinjecƟon 
system that delivers pathogens directly into the luminal space of organoids (Wilson 
et al., 2014; Forbester et al., 2015; Karve et al., 2017; Heo et al., 2018). This 
technique has primarily applied to bacteria, although a very recent study has 
injected parasites of a relaƟvely larger size (Heo et al., 2018). These studies have 
allowed for the assessment of host-pathogen interacƟons that more closely mimics 
that of in vivo infecƟons due to the close physiological relevance.  
An alternaƟve method of exposing the luminal surface for infecƟon is through the 
culture of organoids to produce monolayer sheets (Liu et al., 2018; Thorne et al., 
2018)( L. Luu, 2017 PhD thesis, University of Liverpool). The transfer of organoids 
onto collagen sheets allow for the generaƟon of an IEC monolayer with the luminal 
surface exposed and have subsequently been successfully infected with T. gondii ( L. 
Luu, 2017 PhD thesis, University of Liverpool).  
It should be noted that the definiƟve host of T. gondii are felids, with no current 
culture mechanism providing a tool for assessing the sexual life cycle of this 
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parasite. The definiƟve host for the sister taxon Isospora suis is in pigs and this 
parasite can only complete its life cycle in vitro within epithelial cells derived from 
pigs. This portrays the importance of generaƟng species-specific models to 
accurately model pathogen interacƟons with the host. Therefore, organoids from 
felids may provide a model for the life cycle of T. gondii and for the producƟon of 
sporozoites in culture (Powell and Behnke, 2017). 
1.5 Toxoplasma gondii  
T. gondii is an obligate intracellular parasite belonging to the phylum Apicomplexa 
that also includes the parasites Cryptosporidium and Neospora. T. gondii is 
considered one of the most successful parasites in the world due to its global 
distribuƟon with 25-30% of the world’s populaƟon exposed or chronically infected 
(Montoya and Liesenfeld, 2004; Robert-Gangneux and Dardé, 2012). 
Seroprevalence varies between regions with low seroprevalence observed in North 
America, South East Asia, and Northern Europe (10-30%), and high prevalence in 
warm, humid areas such as LaƟn America and tropical African countries (>60%) 
(Pappas, Roussos and Falagas, 2009). 
The parasite is normally asymptomaƟc in healthy hosts, disseminaƟng from the 
intesƟne to the central nervous system and skeletal muscle Ɵssues which includes 
brain, spinal cord, and the reƟna where they remain latent within cysts in the form 
of bradyzoites. However, reacƟvaƟon of latent parasites can occur in immune 
compromised populaƟons, such as those with AIDS, causing toxoplasmic 
encephaliƟs. Congenital transmission of the parasite from mother to foetus through 
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the placenta can cause disastrous birth defects resulƟng in miscarriages or 
blindness and mental retardaƟon caused by abnormal neuronal development (Black 
and Boothroyd, 2000). Although infecƟons with this parasite are oŌen described as 
asymptomaƟc in immune-competent adult hosts, recent studies suggest a link to 
certain mental condiƟons such as bipolar disease, rage disorder, and schizophrenia 
within immune competent people (Xiao et al., 2018). This shouldn’t be surprising 
since behavioural traits are affected in rodents with T. gondii whereby infecƟons 
override the natural impulse to avoid feline odour increasing the chances of 
predaƟon, and hence transmission of the parasite (Ingram et al., 2013). 
 T. gondii is characterised by the CDC as a “neglected parasiƟc infecƟon”, with many 
aspects of their funcƟonal biology yet to be fully established (Centers for Disease 
Control and PrevenƟon, 2016). This includes the route of invasion across the 
intesƟnal epithelium and the ability of the parasites to manipulate immune cells for 
their disseminaƟon throughout the body. Improvements in our understanding of 
biological funcƟons of T. gondii infecƟons will improve vaccine and therapeuƟc 
designs toward this globally prevalent parasite. 
1.5.1 Life cycle 
T. gondii has a complex lifecycle alternaƟng between sexual and asexual replicaƟon 
in definiƟve hosts and intermediate, respecƟvely. Their definiƟve hosts being 
members of the Felidae family whereby sexual replicaƟon takes place in the small 
intesƟne and shedding of environmentally-resistant oocysts in faeces occurs (Dubey 
and Frenkel, 1972). IngesƟon of these oocysts, that contain the highly infecƟous 
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form of T. gondii known as sporozoites, from contaminated water or food results in 
infecƟon of intermediate hosts of which are virtually all warm-blooded vertebrates 
(Dubey, 1998). T. gondii invades the small intesƟne, differenƟate into the highly 
replicaƟve form, tachyzoites, and spreads throughout the body forming encysted 
bradyzoites within muscle and the central nervous system. Bradyzoites are a latent, 
slow replicaƟng form of T. gondii that can persist for the lifeƟme of the host. 
InfecƟons of the host with T. gondii can also occur following consumpƟon of 
bradyzoite cysts in undercooked meat. Following consumpƟon of either oocysts or 
cysts, the first interacƟons between the parasite and the host is in the small 
intesƟnal epithelium.  
1.5.2 Pathogenesis 
T. gondii infecƟons are usually asymptomaƟc or cause mild flu-like illness in immune 
competent hosts. However, ocular toxoplasmosis and rare outbreaks of more 
serious disease such as toxoplasmic encephaliƟs can occur in healthy individuals 
(Bowie et al., 1997; Demar et al., 2007). ReacƟvaƟon of parasiƟc cysts can occur in 
newly immune deficient people that can cause clinical disease (Black and 
Boothroyd, 2000). This parasite also poses a risk to foetuses of previously 
uninfected mothers whereby congenital transmission through the placenta can 
occur resulƟng in miscarriage or abnormal neuronal developments such as 
blindness and mental retardaƟon (Black and Boothroyd, 2000). The two infecƟous 
forms of T. gondii reside within oocysts and Ɵssue cysts known as sporozoites and 
bradyzoites, respecƟvely. InfecƟons in humans are commonly acquired through 
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ingesƟon of oocysts shed in cat faeces, which can contaminate water or vegetaƟon, 
or through ingesƟon of Ɵssue cysts in undercooked meat (Jones and Dubey, 2010, 
2012) 
1.5.3 Toxoplasma gondii types 
The serovars of T. gondii are grouped into clonal lineages I, II and III that dominate 
Europe and North America (Howe and Sibley, 1995). Although geneƟcally similar, 
differing by only 1-2% at the nucleoƟde level, virulence between these types of T. 
gondii varies (Grigg et al., 2001). Type I (which includes the strain RH) are known to 
be highly virulent, able to cross cellular barriers, and are more moƟle than types II 
(Pru and ME49 strains) and III (which includes VEG), which are less virulent and 
sƟmulate stronger immune responses in hosts hindering their disseminaƟon and 
pathology (Barragan and Sibley, 2002). Whole genome sequencing between strains 
have shown conserved genes and variaƟon in regions associated with proteins 
involved in invasion, replicaƟon, and moƟlity (Jones, Korcsmaros and Carding, 
2017). It is therefore of interest to study different strains and their virulence to 
idenƟfy the factors required for virulence within certain strains and provide 
alternaƟve targets to develop novel vaccines. 
T. gondii that do not confer to the genotypes of types I-III are referred to as atypical 
strains. These are mainly found in South America and differ in pathogenicity from 
the typical lineages (Dardé, 2008). Atypical strains possess a greater geneƟc 
diversity that typical strains providing difficulty in establishing their virulence, 
although virulence is observed in mice at isolaƟon. LiƩle is known about the 
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virulence of these atypical strains, however comparisons of ocular toxoplasmosis 
reveals the significance of atypical virulence in South America (de-la-Torre et al., 
2013). Here, Colombian paƟents had either a type I or atypical strain infecƟon 
whereas French paƟents were infected with the type II strain, with further 
symptoms incurred within the Colombian paƟents. 
1.5.4 Prevalence of Toxoplasma gondii in agriculture 
IngesƟon of undercooked meats containing bradyzoite cysts is a public health risk to 
humans. Changes in farming management by improving biosecurity regulaƟons, 
increased rodent control, and through confined housing of farm animals has 
resulted in an overall drop in prevalence of T. gondii within livestock animals over 
the last three decades (Food Standards Agency, 2012). Epidemiological studies have 
shown that, compared to beef and poultry, there is a greater chance of pork being 
contaminated with T. gondii, which implies that this meat is a major source of 
zoonoƟc transmission (Dubey et al., 2005; Guo et al., 2015). Although 
seroprevalence in pigs is generally decreasing, parts of Europe are witnessing an 
increase due to outdoor rearing (Food Standards Agency, 2012). This recent change 
to more outdoor farming systems may have caused an increase in seroprevalence 
within some European countries such as Germany,  where 11.7% of organic 
finishing pigs and 31.6% of sows are seroposiƟve (Food Standards Agency, 2012). 
Transmission of T. gondii to sheep is caused through grazing in pastures 
contaminated with oocysts. Toxoplasmosis in sheep is the second most common 
cause of sheep aborƟon with approximately 0.5 million lambs are lost each year 
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cosƟng the UK farming industry £12-24 million annually (Food Standards Agency, 
2012). This also poses as a zoonoƟc health risk to humans with a seroprevalence of 
30% of sheep in Europe, highlighƟng the importance for the development of 
preventaƟve treatments for the spread of T. gondii (Food Standards Agency, 2012). 
Vaccines are available to prevent the congenital transmission in sheep, but not for 
treatment or prevenƟon of infecƟon (Buxton and Innes, 1995). These generally 
target the tachyzoite form and not the latent bradyzoites. CysƟc parasites within 
livestock pose a zoonoƟc threat toward humans through the ingesƟon of 
undercooked meat, thereby highlighƟng the importance for preventaƟve measures 
against infecƟon. 
Within the last 25 years it has been stated that as much as 75% of new human 
pathogens have emanated from animals and is predicted to conƟnue to rise (King et 
al., 2006). 
1.5.6 Treatments for Toxoplasma gondii 
There are currently no human vaccines against T. gondii, with current medicaƟons 
eradicaƟng the invasive tachyzoites but not the cysƟc bradyzoites (Black and 
Boothroyd, 2000; ValenƟni et al., 2014). These include pyrimethamine, also used as 
a malaria medicaƟon, and sulfadiazine. These treatments have severe side effects 
and the reacƟvaƟon of bradyzoite cysts can occur at any Ɵme, therefore requiring 
long term treatment. T. gondii elicits protecƟve immunity to reinfecƟon in most 
individuals, relying on cellular immunity mediated by CD4+ and CD8+ cells that 
secrete IFN-γ, a Th1 response. The mechanisms involved in T. gondii immunity have 
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not been fully elucidated, with the complex biological characterisƟc of T. gondii 
providing difficulƟes in generaƟng effecƟve vaccines.  
There is only one commercially available vaccine, known as Toxovax®, provided for 
livestock (Buxton and Innes, 1995). This vaccine is based on a live-aƩenuated S48 
tachyzoite strain, and has been used in New Zealand, France and the UK. However, 
this is only effecƟve against congenital transmission and not as a treatment directed 
against the zoonoƟc bradyzoite cysts (Food Standards Agency, 2012). Since this is a 
live-aƩenuated vaccine, this treatment runs the risk of developing adverse effects, 
is very expensive, and has a short shelf life. Due to the complex life cycle of T. gondii 
that involve stage-specific anƟgens, and the diverse array of strains and genotypes, 
vaccine candidates have been largely unsuccessful. However, vaccines containing 
ROP8 DNA, a rhoptry protein essenƟal for parasite invasion, induces a protecƟve 
immune response in mice to infecƟon (Parthasarathy et al., 2013). DNA vaccines are 
relaƟvely inexpensive and easy to produce, safe, and heat stable. They also show 
great promise as a vaccine candidate against T. gondii infecƟon. A DNA vaccine 
encoding TgESA10, an excretory-secretory anƟgen, elicits a strong Th1 response 
that resulted in high IFN-γ producƟon and protecƟon against infecƟon (Wang et al., 
2015). Providing mulƟ-anƟgenic DNA vaccines improves immunity even further 
since these vaccines may contain anƟgen DNA involved during different stages of 
the T. gondii life cycle. Vaccines with DNA encoding GRA17 and GRA23 induced a 
much greater immune response with greater IFN-γ and IgG producƟon that 
increased survival Ɵme in mice (Zhu et al., 2017). Other vaccine candidates have 
been considered, including those that deliver pathogenic recombinant proteins to 
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elicit immune responses. InducƟon of both mucosal and cellular immune responses 
is also driven by DCs. Therefore, driving DCs acƟvaƟon to T. gondii infecƟons may 
improve protecƟon to infecƟon. Vaccines targeƟng the delivery of SAG1 anƟgen 
protein to DCs improved both local and systemic immune responses with an 
increase in IFN-γ and Th1 acƟvaƟon (Lakhrif et al., 2018). These are all potenƟal 
vaccine targets for future development, however there remains a significant 
requirement for safer and more effecƟve drugs and vaccines. 
1.5.7 Morphology of Toxoplasma gondii 
Apicomplexan parasites are heavily polarised within their elongated shape (Figure 
4). The apical region is disƟncƟve in its density of unique organelles, including 
rhoptries and micronemes. The apical complex is made up the conoid and the apical 
ring. The organelles secrete proteins through the apical complex that are required 
for parasite invasion, moƟlity, adhesion, and development of the parasitophorous 
vacuole (PV). The apical ring serves as part of the microtubule-organising center. 
Another unique structural feature of apicomplexans is the chloroplast-like organelle 
termed the apicoplast. The pellicle surrounds the parasites consisƟng of the plasma 
membrane and inner membrane complex (Figure 4). The pellicle is closely 
associated with a number of cytoskeletal elements such as acƟn, myosin, and 
microtubules  (MorrisseƩe and Sibley, 2002).  
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Figure 4. SchemaƟc of the morphology of apicomplexans 
Apicomplexans such as T. gondii are polarised with the apical polar ring and conoid at the apical side of the 
parasite. These structures play a role in cell invasion. Rhoptries, micronemes, and dense granules are secretory 
organelles involved in cell invasion and PV formaƟon. 
Host cell aƩachment, moƟlity, cell invasion, and development of the PV all derive 
from the apical region of apicomplexans through organelle secreƟon. These allow 
them to successfully infect all warm-blooded, nucleated cells and replicate within 
relaƟve safety of host cell defences within the PV. The PV is derived from the host 
membrane, with the secreted proteins from T. gondii modifying the vacuole to 
enable nutrient transfer and subversion to host cell defences to allow for parasite 
replicaƟon. 
1.6 Toxoplasma gondii infecƟons of the small intesƟnal epithelium 
ConsumpƟon of bradyzoite-containing Ɵssue cysts or sporozoite-containing oocytes 
leads to the rupture of cysts or oocysts and liberaƟon of parasites that transmigrate 
across the small intesƟnal epithelium. This has been proposed to occur in two ways; 
acƟve penetraƟon of cells or through the paracellular route  (Dubey, 1997; Barragan 
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and Sibley, 2002; Barragan, Brossier and Sibley, 2005; Weight and Carding, 2012). 
Invasive parasites reside within cells in parasitophorous vacuoles made up from the 
host cell’s membrane. This allows for a parƟcular environmental niche for their 
replicaƟon (Lingelbach and Joiner, 1998). The parasites subsequently convert to a 
highly replicaƟve form known as tachyzoites, generally 5µm long and 2µm wide 
(Black and Boothroyd, 2000). These replicate asexually within cells of intermediate 
hosts with a generaƟon Ɵme of between 6 to 8 hours before cell egress (Black and 
Boothroyd, 2000). The epithelial cells respond by producing cytokines, chemokines 
and anƟ-microbial pepƟdes upon invasion (Ju, Chockalingam and Leifer, 2009; 
Morampudi, Braun and D’Souza, 2011). T. gondii tachyzoites has also been shown 
to adhere to the epithelium through interacƟons with cell surface proteins, such as 
ICAM-1, and disrupt Ɵght juncƟons as they traverse this barrier (Barragan, Brossier 
and Sibley, 2005; Weight and Carding, 2012). T. gondii then effecƟvely disseminates 
throughout the body by invading highly migratory nucleated cells of the host, 
including those of the immune system such as dendriƟc cells that migrate to lymph 
nodes and ulƟmately the central nervous system or muscle Ɵssue (Courret et al., 
2006; Lambert et al., 2006; Weidner and Barragan, 2014).  
In general, we know remarkably liƩle about how T. gondii interacts with the small 
intesƟnal epithelium during early infecƟon events. Using in vivo disease models to 
study the interacƟons between T. gondii and the intesƟnal epithelium is limiƟng due 
to the difficulƟes in locaƟng the scarce sites of invasion within a whole Ɵssue 
sample. The responses to these iniƟal invasions are relaƟvely small and localised, 
making their detecƟon challenging. In vitro models use monolayer cultures of 
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intesƟnal epithelial cells derived from embryonic sources, allowing for the study 
interacƟons such as the early responses to infecƟon (Ju, Chockalingam and Leifer, 
2009; Morampudi, Braun and D’Souza, 2011). However, such studies are scarce. 
1.6.1 Toxoplasma gondii invasion of the small intesƟnal epithelium 
Most of our knowledge of T. gondii interacƟons with the small intesƟnal epithelium 
derive from in vitro cultures derived from cell lines assumed to operate similarly to 
the small intesƟnal epithelium. GlycosylphosphaƟdylinositol (GPI)-anchored surface 
anƟgens (SAGs) and SAG-related sequence (SRS) proteins are expressed on the 
surface of T. gondii. In tachyzoites, six of these are the most abundant on the 
parasite surface: SAG1-3 and SRS1-3. These allow for the iniƟal aƩachment to the 
surface of a host cell. T. gondii lack cilia or flagella that otherwise aid pathogens to 
move, and therefore contain a unique form of moƟlity known as gliding moƟlity. 
Here, adhesive proteins of the parasite aƩached to the surface of cells allows for 
translocaƟon governed by acƟn-dependent myosin motors, where this process is 
also involved in cell invasion. This gliding moƟlity allows the parasite to move along 
the surface of the host cell to posiƟon itself at an opƟmal site for invasion. Adhesion 
to cell surfaces is mediated by micronemal proteins (MICs) at the apical end of the 
parasite (Figure 5). These are expressed by secretory organelles known as 
micronemes. There are approximately 15 MICs that are secreted during parasite 
adhesion of host cells (Carruthers, Giddings and Sibley, 1999) and geneƟc ablaƟon 
of certain MICs aƩenuates invasion, such as MIC1 and MIC3 whereby deleƟon of 
both genes results in non-virulent forms of the parasite (Cérède et al., 2005). The 
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expression of such a large array of protein ligands increases the chances of T. gondii 
infecƟng a wide range of hosts and for a stronger binding interacƟon. 
The commitment to invasion is usually dependent on the expression of another MIC 
protein, apical membrane anƟgen (AMA1). This interacts with proteins originaƟng 
from the “neck” region of another secretory organelle termed rhoptries (ROPs). 
These rhoptry neck (RON) proteins form a complex with AMA1 on the surface to 
form a moving juncƟon (Alexander et al., 2005), namely RON2. The moving juncƟon 
closely resembles that of Ɵght juncƟons, and as invasion conƟnues the moving 
juncƟon migrates up the parasite away from the apical side, causing the parasite to 
move into the host cell. ROPs are secreted into the host cell that begin the 
formaƟon of the parasitophorous vacuole (PV). As the parasite moves into the host 
cell with the moving juncƟon migraƟng toward the posterior, the structure acts as a 
sieve removing proteins from the host and parasite plasma membrane such as MIC 
proteins (Charron and Sibley, 2004). This may be a cause as to the lack of fusion 
between lysosomes and the PV membrane within host cells. As the parasite invades 
the cells, it remains surrounded by the PV created by invaginaƟon of the host cell 
plasma membrane. The PV creates a niche environment for parasite replicaƟon and 
survival as it provides physical separaƟon from the host cell cytoplasm. 
ROPs and dense granules secreted by the intracellular T. gondii modify the PV 
membrane (PVM) to allow access of nutrients within the cytosol and combaƟng 
host cell defences. The dense granules GRA17 and GRA23 allow for the diffusion of 
small molecules such as tryptophan and cholesterol across the PVM to the parasite 
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(Gold et al., 2015).  GRAs 2, 4 and 6 form the intravacuolar membrane, providing 
support for the PVM and nutrient trafficking (Mercier and Cesbron-Delauw, 2015). 
Other GRAs have been idenƟfied although their funcƟons are not yet defined, with 
suggesƟons that some of these proteins translocate to the host cell nucleus from 
the PV to increase host cell metabolism and the p53 suppressor pathway, such as 
GRA16 and GRA24 (Hakimi and Bougdour, 2015).  
 
Figure 5. SchemaƟc of the invasion events of T. gondii into host cells and subsequent formaƟon of the PV.  
IniƟal aƩachment to the cell surface involves SAG1 and subsequent expression of MICs that also aƩach to the 
surface. The release of RONs interact with parasite-derived AMA1 that inƟmately binds the cell surface and 
forms the moving juncƟon. ROPs are subsequently injected into the host cell cytoplasm with some ROPs aiding 
in parasitophorous vacuole development. AcƟve penetraƟon of the host cell occurs by pulling on the 
surrounding moving juncƟon complex. This invaginates the host cell membrane to form the PV. Dense granules 
are secreted to fully form the PV. 
Within the protecƟve environment of the PV, T. gondii is able to undergo replicaƟon 
by internal budding to produce two daughter cells. Repeated cycles of replicaƟon 
form clusters or ‘roseƩes’ within host cells. Parasites egress from host cells causing 
destrucƟon of the cells and release of parasites into the intesƟnal lumen for further 
infecƟon (Gregg et al., 2013).  
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1.6.2 Host cell manipulaƟon by Toxoplasma gondii 
Host cells contain natural defences against pathogenic invasion. In order for T. 
gondii to successfully replicate within host cells the parasite must manipulate the 
host cell machinery in order to evade immunity. These processes are sƟll being 
elucidated, however resistance to T. gondii is dependent on IFN-γ for the innate and 
adapƟve immune responses. This inflammatory cytokine induces a number of 
anƟmicrobial defences including the inducƟon of nitric oxide synthase, upregulaƟon 
of reacƟve oxygen species, and through upregulaƟng the expression of anƟparasiƟc 
genes including IFN-γ-regulated GTPases (IRGs) that degrade the PVM. T. gondii can 
evade this host defence by the expression of ROP1 and ROP17 that inacƟvate IRGs. 
The binding of IFN-γ to its receptor results in the phosphorylaƟon of the signal 
transducer and acƟvator of transcripƟon 1 (STAT1) protein that bind to the gamma-
acƟvated sequence (GAS) in the host cell, resulƟng in the transcripƟon of genes 
necessary for driving immunity. InfecƟons with T. gondii block STAT1-mediated 
transcripƟon with no funcƟonal affects to the STAT1 protein since they sƟll bind to 
GASs in the host cell nucleus. The blocking of this immune pathway is through the 
expression of T. gondii inhibitor of STAT1-dependent transcripƟon (TgIST) by the 
parasite that binds acƟvated STAT1 dimers associated with GASs and blocks their 
transcripƟon, and also causes the recruitment of a chromaƟn-modifying complex, 
Mi-2/NuRD, to acƟvated STAT1 complexes in the nucleus (Olias et al., 2016). There 
are differences in host cell manipulaƟon between T. gondii strains. For example, 
type II strains do not acƟvate STAT3 acƟvaƟon in fibroblasts whereas types I and II 
did through the expression of GRA15 (Rosowski et al., 2011). 
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Another host defence mechanism towards T. gondii is through the CD40-dependent 
autophagy of the PVM within macrophages. However, T. gondii acƟvates EGF 
receptor signalling through the expression of MICs, specifically MIC3 and MIC6, that 
prevents the expression of the autophagy protein LC3 and hence the formaƟon of 
autophagosomes in host cells (Muniz-Feliciano et al., 2013).  
Mice that lack myeloid differenƟaƟon primary-response protein 88 (MyD88) show 
defecƟve producƟon of IFN-γ (Scanga et al., 2002). MyD88 inducƟon is through Toll-
like receptor (TLR) sƟmulaƟon that drive immune responses to infecƟon. T. gondii 
profilin acƟvates TLR11/12, responsible for immune acƟvaƟon to T. gondii, however 
it has also been suggested that T. gondii interacts with TLR9 on host cells that 
results in type I interferon secreƟon and α-defensin 5 producƟon from Paneth cells 
(Foureau et al., 2010; Santamaria, Perez Cabarello and Corral, 2016). These are 
involved in reducing parasite viability and infecƟon. Certain strains of T. gondii have 
been shown to downregulate the producƟon of β-defensins, although the precise 
mechanisms and effector molecules involved remain unclear (Morampudi, Braun 
and D’Souza, 2011).  Each strain differ in their acƟvaƟon of host cell response, such 
as NF-κB signalling in IECs (Rosowski et al., 2011), and their ability to transmigrate 
across the intesƟnal epithelium whereby type I strains have long-distance migraƟon 
that results in a greater efficiency in transmigraƟon than type II and type III strains 
(Barragan and Sibley, 2002). ElucidaƟng the mechanisms in which T. gondii affects 
host cell defences to infecƟon could provide novel therapeuƟcs against parasiƟc 
infecƟon.   
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1.6.3 Toxoplasma gondii transepithelial migraƟon across the small intesƟnal 
epithelium 
IngesƟon of bradyzoite or sporozoite cysts causes the cysts to rupture due to the 
acid pH and digesƟve enzymes. The parasites infect the small intesƟnal epithelium 
and convert to tachyzoites that replicate and disseminate throughout the body 
(Dubey, 1997). However, it remains unclear how the parasite crosses the epithelial 
barrier with evidence of both an intracellular and paracellular route.  
MigraƟon across polarised SI cells is strain dependent with type I tachyzoites 
showing superior migratory ability (Barragan and Sibley, 2002). TransmigraƟon may 
be important to the parasite for disseminaƟon to prevent early acƟvaƟon of 
immune responses by the infecƟon of cells. Intercellular adhesion molecule 1 
(ICAM-1) is upregulated during T. gondii infecƟon with binding of MIC2 on the 
parasite surface aiding in transepithelial migraƟon through the paracellular route 
(Barragan, Brossier and Sibley, 2005). TransmigraƟon does not alter barrier integrity 
during early stages of infecƟon in vitro (Barragan, Brossier and Sibley, 2005), 
however aŌer 24h barrier integrity is disrupted  through the redistribuƟon of Ɵght 
juncƟons from the surface of host cells to the cytoplasm (Weight et al., 2015; 
Briceno et al., 2016). Parasites colocalise with the Ɵght juncƟon protein occludin, 
poinƟng to its importance in migraƟon. InteresƟngly, bradyzoite infecƟons of IECs in 
vitro caused a greater disrupƟon of the epithelial barrier and greater loss of Ɵght 
juncƟon integrity suggesƟng that the different factors expressed by this life stage 
may have a greater transmigraƟon ability (Weight et al., 2015). 
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It is suggested that invasion of the epithelial barrier T. gondii can occur through 
both direct invasion or through the paracellular route and the preference may be 
subject to parasite strain. Since transepithelial migraƟon occurs during early stage 
of infecƟon, monolayer cultures and ex vivo Ɵssues have been uƟlised to image this 
occurrence. These techniques have limitaƟons in that monolayer cultures are not 
representaƟve of the small intesƟnal epithelial cell diversity and the short-term 
viability of ex vivo Ɵssues. Therefore, a more suitable model is required to more 
accurately characterise the transmigraƟon process of T. gondii across the small 
intesƟnal epithelium. 
1.7 Toxoplasma gondii uƟlises immune cells for disseminaƟon  
AŌer crossing the epithelial barrier, T. gondii is thought to invade immune cells and 
uƟlise their migratory pathways to disseminate through the host. Early aŌer 
infecƟon (2 days), the predominant immune cell populaƟon harbouring parasites in 
the small intesƟne were CD11c+, likely to be resident DC populaƟons very early in 
infecƟon. CD11c+ cells were also heavily parasiƟzed in the draining mesenteric 
lymph node from days 3-7 post infecƟon. This suggested that CD11c+ DCs, which 
migrate consƟtuƟvely from intesƟne to MLN, were carrying the parasite with them. 
Indeed, CD11c high cells are almost completely absent from foci of infecƟon later in 
infecƟon (days 7-8), suggesƟng an early and intense migraƟon of the DCs to the 
MLN, carrying the parasites with them (Coombes et al., 2013). Direct invasion of 
DCs prevents detecƟon of the parasite by other immune cells, known as a “Trojan 
horse” mechanism (Courret et al., 2006; Bierly et al., 2008; Cohen and Denkers, 
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2015). In vitro studies of parasite-infected intesƟnal DCs show evidence for an 
increased DC moƟlity that might be involved in the spread of the parasite (Lambert 
et al., 2006; Weidner et al., 2013; Kanatani, Uhlén and Barragan, 2015). Moreover, 
infected DCs have decreased RA and IL-12 producƟon that are otherwise involved in 
driving a T helper 1 (Th1) response. (Cohen and Denkers, 2015). There is sƟll much 
to be understood about the interacƟon between DCs and T. gondii that may aid in 
developing therapies targeƟng spread of infecƟon. ElucidaƟng these interacƟons 
may divulge new factors that can be uƟlised for the producƟon of vaccines or 
therapeuƟcs to prevent infecƟons.  
At later Ɵme-points aŌer infecƟon, neutrophils and monocytes were preferenƟally 
invaded, with only a low percentage of infected DCs (Coombes et al., 2013; Gregg et 
al., 2013). Infected neutrophils increased spread of the parasite within the small 
intesƟne by retrograde migraƟon into the lumen, so may not be key cells in the 
disseminaƟon throughout the body.  
1.8 ConvenƟonal dendriƟc cells  
DendriƟc cells (DCs) are professional anƟgen presenƟng cells (APCs) present in 
virtually every Ɵssue throughout the body and play an important role in bridging the 
innate and adapƟve immune systems. All DCs derive from a common bone marrow 
progenitor from which DCs can be divided into three main groups, specifically 
monocyte-derived DCs, plasmacytoid DCs, and convenƟonal DCs (cDCs). Of interest 
are cDCs that sample anƟgens within parƟcular Ɵssue environments with 
subsequent migraƟon to draining lymph nodes and anƟgen presentaƟon to T cells, 
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driving their maturaƟon and proliferaƟon into effector T cells or regulatory T cells. 
These T lymphocytes then produce an immune response in the Ɵssue of cDC source. 
The developmental pathways of cDCs are sƟll a topic of uncertainty. It is currently 
thought that haematopoieƟc stem cells within the bone marrow differenƟate into 
common myeloid progenitors that develop into common DC precursors (CDP). The 
CDP generates pre-cDCs that migrate from the bone marrow to populate lymphoid 
and non-lymphoid Ɵssues where they further differenƟate into cDCs.  
Development of cDCs is partly regulated by cytokines expressed in their local 
environment. It was originally thought that granulocyte macrophage colony 
sƟmulaƟng factor (GM-CSF) was the main cytokine in cDC development and was 
originally used to produce DCs in vitro, someƟmes including interleukin 4 (IL-4) 
(Yokota et al., 2009; Zhu et al., 2013). However, mice lacking GM-CSF or its receptor 
showed limited reducƟon in DC populaƟons within lymphoid organs, with only 
significant decreases in non-lymphoid Ɵssue suggesƟng that GM-CSF is dispensable 
for cDC development (Vremec et al., 1997). DC precursors all express the FMS-like 
tyrosine kinase 3 (Flt3) receptor and expression of Flt3 ligand (Flt3L) by stromal, 
endothelial and T cells is the main cytokine regulaƟng DC development (D’Amico 
and Wu, 2003; Naik et al., 2007). Evidence for the importance of this cytokine on 
cDC development is shown in mice lacking Flt3L or its receptor with a significant 
scarcity of all DC populaƟons (McKenna et al., 2000). InjecƟons of Flt3L in vivo 
caused a tenfold expansion of cDCs, showing the importance of Flt3L in cDC 
development (Maraskovsky et al., 1996).  
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1.9 DendriƟc cells of the small intesƟne 
The difficulty in dendriƟc cell isolaƟon from the intesƟne and the imprecise 
idenƟficaƟon criteria used have resulted in many aspects of their funcƟons yet to be 
elucidated. DCs from lymphoid and non-lymphoid Ɵssues were originally isolated by 
their surface expression of CD11c and MHCII. However, it is now known that 
macrophages within this Ɵssue also express these characterisƟcs, therefore a more 
definiƟve phenotype was needed to disƟnguish the two cell types. More recently 
proposed classificaƟon systems use CD64 or F4/80 to disƟnguish macrophages, 
leaving cDCs to be classified on the basis of CD11b and/or CD103 expression 
(Mowat, 2018). Flt3L is specifically expressed in cDCs and is required for their 
development from bone marrow precursors (McKenna et al., 2000). These cDCs are 
seen migraƟng in lymph nodes where they can prime T cells and only have a 
lifespan of a few days. However, macrophages are not Flt3L-dependent, have a 
lifespan of many weeks and are not seen migraƟng in lymph nodes or seen 
condiƟoning T cells (Persson, ScoƩ, et al., 2013). Therefore, these funcƟonal 
differences provide an addiƟonal means to discriminate between the two cell types. 
Since the improvements in flow cytometric discriminaƟon of DCs and macrophages, 
it has been established that there are two main subsets of cDCs known as cDC1s 
and cDC2s, based on their ontogeny through their differing reliance on transcripƟon 
factors (TFs) and their cell surface expression profiles. The cDC subsets are 
described based on CD103 and CD11b expression (Table 1). The cDC1 subset 
comprise CD103+CD11b+ cDCs, and the cDC2 subset comprise CD103+CD11b-, 
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CD103-CD11b+, and CD103-CD11b- cDCs. The two subsets are also disƟnguished 
between the specific cross-species markers such as the X-C moƟf chemokine 
receptor 1 (XCR1) associated with cDC1s or signal regulatory protein α 
(SIRPα/CD172a) in cDC2s (Bachem et al., 2012; Becker et al., 2014).The generaƟon 
and survival of cDC1s is dependent on the TFs basic leucine zipper transcripƟon 
factor ATF-like 3 (Baƞ3), interferon regulatory factor 8 (Irf8) and DNA-binding 
protein inhibitor (Id2), and cDC2s on interferon regulatory factor 4 (Irf4) (Persson, 
Uronen-Hansson, et al., 2013; Guilliams et al., 2016) (reviewed in (Sichien et al., 
2017)). IntesƟnal cDCs can also be divided by funcƟon since cDC1 is the main driver 
of Treg development and cross-present anƟgens to CD8+ T-cells and present soluble 
anƟgens to CD4+ T cells via MHCII, whereas cDC2s also promote oral tolerance 
through soluble anƟgen presentaƟon, but also drive Th2 and Th17 responses to 
infecƟon. Most research on idenƟfying the cDC subsets within the intesƟne have 
been carried out using mouse models, however these subsets LP of mice can be 
idenƟfied in Human SI LP (Watchmaker et al., 2014). 
1.9.1 Peyer’s patches 
Within the small intesƟne of mammals lie lymphoid follicles known as Peyer’s 
patches (PPs). These are characterised by the presence of specialised epithelial cells 
known as M cells with underlying follicles of clustered B cells with T cells zones 
forming a dome shape known as the subepithelial dome (SED). These PPs structures 
are specialised for sampling of foreign material within the lumen of the small 
intesƟne and the subsequent inducƟon of immune responses. The epithelial cells 
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surrounding M cells, or the follicle-associated epithelium (FAE), lack goblet cells that 
otherwise create the mucus layer that establishes a physical layer of protecƟon 
between the external environment and the small intesƟnal epithelium. Their 
absence in the FAE therefore increases interacƟons between pathogens and the 
FAE. Following adherence of anƟgens from the lumen to M cells, rapid 
transportaƟon into the SED allows for the uptake of the anƟgens by mononuclear 
phagocytes, namely macrophages and DCs which induce an immune response. Both 
cDC1 and cDC2 cells have been found within PPs, with the double-negaƟve (DN) 
CD103-CD11b- cDC2 being the most prominent cDC populaƟon. DN cDCs are 
considered to be immature cDC2 cells due to their similarity in transcripƟonal 
programming but lack in maturaƟon marker genes (Iwasaki and Kelsall, 2001; 
Bonnardel et al., 2017). Upon in vitro culture DN cDC2s upregulate the expression of 
MHCII and CD11b, thereby further suggesƟng that DN cDC2s are an immature 
homeostaƟc stage of cDC2s (Bonnardel et al., 2017). In mouse models deficient in 
reƟnoic acid-receptor related orphan receptor γt (RORγt), involved in lymphoid 
Ɵssue development and therefore devoid of isolated lymphoid follicles and PPs, 
show only cDC1 and CD103+CD11b+ and CD103-CD11b+ cDC2s in their intesƟnal-
draining lymph nodes suggesƟng DN cDC2s derive only from PPs in the small 
intesƟne (Cerovic et al., 2012). However, this minor populaƟon is heterogenous and 
its funcƟons remain unclear, and since infecƟons of the small intesƟne can occur 
anywhere within the epithelium and PPs are specialised regions for luminal 
sampling, PPs and DN cDC2s will not be considered further in this report. 
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1.9.2 IntesƟnal lamina propria 
DCs also reside throughout the lamina propria (LP) of the intesƟne, a thin layer of 
connecƟve Ɵssue beneath the epithelium that along with the epithelium makes up 
the mucosa, that drive immune tolerance towards commensal bacteria or pathogen 
clearance during infecƟons. All subsets have been seen migraƟng within the 
lymphaƟc system signifying each has the ability to iniƟate adapƟve immune 
responses, with the predominant subset within the small intesƟne being 
CD103+CD11b+ cDCs (Denning et al., 2011; ScoƩ et al., 2015). The proporƟons of 
these populaƟons differ markedly along the length of the intesƟne such that the SI 
is mostly made up of CD103+CD11b+ cDC2s, with CD103+CD11b- cDC1s 
predominaƟng in the colon (Houston et al., 2016). This may reflect the varying 
physiological necessiƟes of these Ɵssues, differences in the condiƟoning of cDCs by 
the Ɵssue environment, and by the disƟnct microbiota in those regions, yet the 
funcƟonal significances are yet to be determined.  
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Table 1. Overview of DC subsets in the intesƟne. 
 Bold text within ‘surface markers’ column indicates defining cell surface characterisƟcs. Bold text within 
locaƟon column highlights predominant locaƟon of cDC subsets. AbbreviaƟons, CO LP: colonic lamina propria; SI 
LP: small intesƟnal lamina propria; PPs: Payer’s patches; TFs: transcripƟon factors 
Subset Surface 
markers 
LocaƟon TFs FuncƟons Refs 
cDC1/ 
CD8α+/ 
XCR1+ 
CD11c+ 
CD103+ 
CD11b- 
CCR7+ 
XCR1+ 
CO LP, SI 
LP 
Baƞ3, 
Irf8, Id2 
 Prime Th1 cells 
 Major source of 
RA in MLN for 
CCR9/α2β4 
inducƟon in T 
cells 
 Prime CD4+ and 
CD8+ T cells 
 InducƟon of IELs 
and FOXP3+ TREG 
cells 
(Coombes et 
al., 2007; 
Edelson et al., 
2010; Becker 
et al., 2014; 
Luda et al., 
2016) 
cDC2/ 
CD8α-/ 
SIRPα+ 
CD11c+ 
CD103+ 
CD11b+ 
CCR7+ 
SIRPα+ 
CX3CR1lo 
SI LP, CO 
LP 
Irf4, 
Klf4, 
Notch2 
 Prime Th17 and 
Th2 cells 
 Regulate ILC 
funcƟon through 
producƟon of IL-
23 
 PresentaƟon of 
soluble anƟgens 
 Induces FOXP3+ 
TREG cells 
development 
(Lewis et al., 
2011; Becker 
et al., 2014; 
ScoƩ et al., 
2015, 2016; 
Mayer et al., 
2017) 
CD11c+ 
CD103- 
CD11b+ 
CCR7+ 
SIRPα+ 
CX3CR1int 
CO LP, SI 
LP 
Zeb2 
Irf4 
Notch2 
(?) 
CD11c+ 
CD103- 
CD11b- 
SIRPα+ 
PPs Irf4  May mature 
into CD11b+ 
cDC2s and 
acquire their 
funcƟonal 
characterisƟcs 
 PresentaƟon of 
soluble anƟgens 
(Bonnardel et 
al., 2017) 
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 Induces FOXP3+ 
TREG cells 
development 
pDC 
CD11cint 
CCR9+ 
SI LP 
from 
blood 
E2-2, 
Id2, 
Zeb2 
 Produce type I 
and III 
interferons 
 CriƟcal in 
anƟviral immune 
response 
 Prime Treg and 
Th17 cells 
(Bonnefoy et 
al., 2011; 
ScoƩ et al., 
2016) 
moDC 
CD11c+ 
CD103- 
CD11b+  
CD64+ 
CCR2+ 
CO LP, SI 
LP, from 
blood 
Zbtb46, 
Irf4 
 Recruited to 
sites of infecƟon 
to promote 
inflammaƟon 
(Zigmond et 
al., 2012; 
Segura and 
Amigorena, 
2013) 
 
1.10 Development of convenƟonal dendriƟc cells 
ConvenƟonal DCs develop within the bone marrow from haematopoieƟc stem cells 
(HSC) in a process called haematopoiesis. These asymmetrically divide to produce 
an HSC and mulƟpotent progenitors where the laƩer further differenƟates to 
produce progenitor cells of myeloid and lymphoid lineages. From here, the myeloid 
progenitor cells further differenƟate into macrophage and DC precursors (Naik et 
al., 2007). The common DC precursors develop into pre-cDCs and pre-pDCs that 
migrate to several lymphoid and non-lymphoid Ɵssues where pre-cDCs differenƟate 
into the cDC subsets of that Ɵssue. For intesƟnal cDCs, exposure to RA in the BM 
imprints these cells with the gut homing receptor α4β7 , termed pre-mucosal DCs 
(pre-μDCs) (Zeng et al., 2013). The factors involved in determining cDC 
differenƟaƟon from common bone marrow progenitor cells are sƟll unclear. 
Page | 61  
 
Culturing BM with Flt3L generates cDC1s, cDC2s and pDCs and, as previously stated, 
is indispensable for the generaƟon of cDCs. Although Flt3L plays a conƟnuous role 
in cDC development, GM-CSF is important for the generaƟon of CD103+ cDCs in the 
intesƟne from pre-cDCs (Bogunovic et al., 2009). A suggested source of GM-CSF is 
from innate lymphoid cells (ILCs) dependent on crosstalk with acƟvated 
macrophages (Mortha et al., 2014). Other cytokine signalling within the LP of the SI 
is necessary for the differenƟaƟon of the cDC subsets and depends on 
communicaƟon between other immune cells such as macrophages, ILCs, IELs, and 
the intesƟnal epithelium during intesƟnal homeostasis and infecƟons. 
1.11 FuncƟons of cDC1s in the small intesƟne 
The BATF3 and IRF8-dependent subset of cDCs  (cDC1) characterisƟcally express 
XCR1, CD103 and CD8α, lack expression of CD11b and represent approximately 5% 
of murine intesƟnal DCs (Edelson et al., 2010; Bachem et al., 2012). The elucidaƟon 
of their physiological funcƟons have relied on mouse models that lack transcripƟon 
factors required for their development. These include Itgax-cre.Irf8 fl/fl mice that 
resulted in a reducƟon of CD4+ and CD8+ T cells  and CD8αβ+TCRαβ+,  CD8αα+TCRαβ+ 
and CD8αα+TCRγδ IELs within the SI (Luda et al., 2016; Ohta et al., 2016). The cDC1 
subset are known to be the major subtype involved in anƟgen cross-presentaƟon to 
T cells in MLNs, therefore the reducƟon in intesƟnal CD8αβ+ T cells may be 
consequence to the depleƟon of this cDC subset in this mouse model.  
CD103+ DCs express Cadm1 that interacts with Crtam on lymphocytes in the MLNs. 
This keeps T cells adhered to DCs that sustains exposure to TGF-β and RA to induce 
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gut homing receptor expression on the T cells and promote the conversion of CD4+ 
T cells into CD4+CD8+ T cells (Cortez et al., 2014). DepleƟon of cDC1s using Baƞ3-/- 
mouse models resulted in reduced numbers of CD4+CD8αα+ IELS, known to be 
cytotoxic and restricted to MHCII interacƟons with their development relying on 
CD4+ T cell exposure to RA and TGF-β. InfecƟons of this mouse model with the 
enteric parasite Trichuris muris (T. muris) and Leishmania major (L. major) failed to 
generate a Th1 response (Marơnez-López et al., 2015; Demiri et al., 2017). During 
low-dose infecƟon with T. muris, inducƟon of Th1 cells failed with an increase in Th2 
cytokines and clearance of the parasite. This suggests possible interplay between 
cDC1 and cDC2 subsets during helminthic infecƟons since cDC2s are involved in Th2 
responses. IL-12 producƟon is mostly expressed by cDC1s in MLN during enteric 
infecƟons as evidenced in T. gondii and L. major infecƟons in mice (Cohen and 
Denkers, 2015; Marơnez-López et al., 2015). Therefore, a reducƟon in IL-12 
producƟon due to the depleƟon of cDC1s may be a reason for the loss of Th1 
response during infecƟons since IL-12 is required for direcƟng IFN-γ producƟon in T 
cells and Natural Killer cells (Mashayekhi et al., 2011). 
Cross-presentaƟon of exogenous anƟgens is limited to cDC1s of the SI. Cross-
priming occurs during inflammatory responses where cDC1s induce the 
differenƟaƟon of naïve CD8+ T cells into IFN-γ-expressing cytotoxic T-cells involved 
in eliminaƟng tumours or virally infected cells (Cerovic et al., 2015; Sun et al., 2017). 
This cross presentaƟon leads to the influx of effector T cells into the LP. AblaƟon of 
cDC1s in a diphtheria toxin A subunit (DTA) expression of XCR1 (XCR1-DTA) mouse 
model resulted in decreased populaƟons of intraepithelial and LP T cells (Ohta et al., 
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2016). ReducƟons in the LP included TCRαβ+ T cells, CD4+ and CD8+ subpopulaƟons, 
and all IEL subsets. XCL1 and XCL2 are ligands for XCR1 in humans (only XCL1 in 
mice) and are produced primarily by natural killer cells and acƟvated CD8+ T cells. In 
these XCR1 and XCL1 deficient mice, XCR1 cDCs accumulated in the LP with reduced 
numbers in the MLN providing a possible crosstalk model whereby XCL1-expressing 
T cells aƩract nearby XCR1 cDCs that promote their survival and maintenance of 
IELs and T cells and in turn aids in the maturaƟon of XCR1 cDCs that promote their 
migraƟon to MLNs in a CCR7-dependent manner (Ohta et al., 2016). The XCR1-DTA 
mouse model highlights the importance of XCR1-XCl1 cross-talk between T cells and 
XCR1 cDCs in T cell homeostasis and survival.  
The generaƟon of FOXP3+ Tregs in the MLN relies on producƟon of RA, and 
expression of TGF-β by cDCs. TGF-β acƟvaƟon from the latent to acƟve form that 
can engage TGF-β receptor is established through the acƟon of integrin ανβ8 
(Worthington et al., 2011). The integrin ανβ8 is restricted to cDC1s in the LP and is 
regulated by cues from the microenvironment, specifically TGF-β, RA, and Toll-like 
receptor (TLR) agonists that are present in high concentraƟons in the SI (Iliev, MileƟ, 
et al., 2009; Boucard-Jourdin et al., 2016). The source of intesƟnal RA and TGF-β can 
potenƟally derive from stromal cells and epithelial cells for condiƟoning of cDCs 
(Iliev, MileƟ, et al., 2009). The close associaƟon of cDCs with the intesƟnal 
epithelium places them for contact with intesƟnal microbial products that interact 
with TLRs, promoƟng ανβ8 expression preferenƟally in cDC1s as well as CCR7 and 
MHCII upregulaƟon. DifferenƟal expression of ανβ8 in intesƟnal DCs may therefore 
result from their exposure to different intesƟnal microbes. However, mice deficient 
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in  cDC1s display normal proporƟons of FoxP3+ Treg cells within the intesƟne, 
indicaƟng that other immune cells may play roles in inducing tolerance such as 
macrophages (Denning et al., 2007; Luda et al., 2016).  
1.12 FuncƟons of cDC2s in the small intesƟne 
The expression of SIRPα (CD172a) disƟnguishes the cDC2 subsets in the small 
intesƟne.  SIRPα is a transmembrane receptor to the ligand CD47 that is 
ubiquitously expressed, with this interacƟon inhibiƟng phagocytosis. The binding of 
CD47 with SIRPα causes the phosphorylaƟon of the immunoreceptor tyrosine-based 
inhibitory moƟf in the cytoplasmic tail of SIRPα. This causes the recruitment of src 
homology-1-domain containing protein tyrosine phosphatases (SHP-1) and SHP-2 
which is involved in phagocytosis and cell migraƟon (Xu et al., 2017).  
The cDC2 subset includes cDCs expressing CD103+CD11b+, CD103-CD11b+, and a 
small proporƟon of DN cDCs. The CD103+CD11b+ subtype is closely related to 
CD103-CD11b+ cells determined by their transcripƟonal similariƟes (differing by 100-
200 genes), with the deleƟon of TGFβRI in mouse models showing a marked 
reducƟon in CD103+CD11b+ cDCs and  a greater proporƟon of CD103-CD11b+ cDCs 
(Bain et al., 2017). This suggest TGFβR signalling differenƟates a proporƟon of 
CD103-CD11b+ cells to CD103+CD11b+. The IRF4, Notch2 and Klf4 dependent cDCs 
are the major migratory populaƟon of DCs from the SI LP to surrounding MLNs. 
CD11c-cre.Irf4fl/fl mice that lacked Irf4-dependent DCs and CD11c-cre.Notch2fl/fl mice 
that lacked Notch2-dependent DCs had significant reducƟons in mucosal Th17 cells . 
Th17 cell priming in surrounding MLNs is IL-6 dependent, with the absence of 
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migratory CD103+CD11b+ cDCs from the small intesƟnal mucosa in MLNs resulƟng in 
reduced levels of IL-6 and hence Th17 differenƟaƟon (Lewis et al., 2011; Persson, 
Uronen-Hansson, et al., 2013). However, it is unclear whether Notch2 is necessary 
for the development of CD103-CD11b+ cDCs since Notch2 knockout mice only have 
a parƟal reducƟon of this subset (Lewis et al., 2011; Satpathy et al., 2013). The 
CD103-CD11b+ cDC subset have been shown to induce Th17 differenƟaƟon in vitro 
which may suggest its importance in driving colonic Th17 responses (ScoƩ et al., 
2015). Although the depleƟon of cDC2s reduces the number of Th17 cells, there is 
sƟll a remaining populaƟon suggesƟng the involvement of other mononuclear 
phagocyte subsets contribuƟng to the priming of Th17 responses. Nonetheless, 
these models highlight the importance of cDC2s in the generaƟon and maintenance 
of mucosal Th17 responses.  
Mouse models are an important tool for assessing DC funcƟons in vivo. However, 
results obtained from these mouse models cannot be aƩributed to one sole subset. 
This is because other DC subsets are also affected, for instance in Flt3-/- mice the 
CD103+CD11b+ cDC subset is greatly reduced, however so are approximately 40% of 
CD103+CD11b- DCs and a large proporƟon of CD103-CD11b+ DCs (Bogunovic et al., 
2009). Notch2 knockout mice lack CD103+CD11b+ DCs but have an increase in 
CD103+CD11b- DCs in the LP (Lewis et al., 2011). DeleƟon of cDC2-dependent TFs 
through the use of Cd11c-Cre mouse models may not necessarily result in deleƟon 
of the cDCs subset themselves, rather it may involve impaired funcƟon. Therefore, 
results from these models should be carefully interpreted. 
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The cDC2 subsets are also known to be important for the development of Th2 
responses to helminth infecƟons, such as in mouse models infected with the 
parasiƟc worm N. brasiliensis (Gao et al., 2013), Schistosoma mansoni (Everts et al., 
2016; Mayer et al., 2017), Trichuris muris (Demiri et al., 2017), and 
Heligmosomoides polygyrus (Everts et al., 2016; Redpath et al., 2018). InjecƟons 
with Schistosoma mansoni eggs into the subserosa of the intesƟne of mice caused 
the migraƟon of cDCs into MLNs, with both CD103-CD11b+ and CD103+CD11b+ cDCs 
responsible for priming anƟgen-specific Th2 and inducing IFN-γ responses (Mayer et 
al., 2017). The S. mansoni infecƟon model showed regional specific heterogeneity 
amongst the cDC2 subsets whereby CD103+CD11b+ cDCs induce Th2 response 
within the small intesƟne and CD103-CD11b+ cDCs performing the same task within 
the colon.  Mouse models lacking IRF4 and therefore cDC2s, Cd11c-cre.Irf4fl/f, 
showed that the infecƟons with S. mansoni do not induce a Th2 response, as also 
shown in Trichuris muris infecƟons (Demiri et al., 2017). DeleƟon of the cDC1s 
subset through Baƞ3-/- and Cd11c-cre.Irf8fl/fl mice enhanced Th2 response during 
infecƟons with S. mansoni (Everts et al., 2016) and T. muris (Demiri et al., 2017), 
respecƟvely, suggesƟng suppressive effects of the cDC1 subset on cDC2s through 
the consƟtuƟve expression of IL-12. 
In Ɵssues other than the small intesƟne, DCs detect microbial structures to confer 
an inflammatory response through paƩern recogniƟon receptors (PRR). However, 
transfer of microbial components from the lumen of the SI through mechanisms 
described below causes consƟtuƟve PRR sƟmulaƟon in cDCs associated with the 
inducƟon of immune tolerance. Therefore, iniƟaƟon of an inflammatory response to 
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enteric pathogens does not solely rely on conservaƟve sƟmulaƟon of PRRs, rather 
the added presence of immunoglobulin A (IgA) immune complexes (IC) with 
invading pathogens that enter the LP sƟmulate proinflammatory responses in 
CD103+ cDCs (Hansen et al., 2018). The IgA-IC complexes interact with the Fc alpha 
receptor I (FcαRI, or CD89) and PRRs on CD103+ intesƟnal cDCs which cross-talk to 
induce an amplified expression of TNF, IL-1β, and IL-23, all proinflammatory 
cytokines that promote both IL-17 producƟon by Th17 cells and IL-22 by intesƟnal 
innate lymphoid cells type 3 (ILC3) (Hansen et al., 2018). The specific subset of 
CD103+ cDCs that respond to IgA-IC is not clear, but the promoƟon of Th17 and ILC3 
cells is characterisƟc of CD103+CD11b+ cDCs (Persson, Uronen-Hansson, et al., 2013; 
Satpathy et al., 2013). 
ILCs share similariƟes in phenotype and funcƟons to T lymphocytes but lack anƟgen-
specific receptors. They play roles in innate and adapƟve immunity by 
communicaƟng with a range of immune cells involved in intesƟnal homeostasis. IL-
22 producƟon by ILCs promotes barrier integrity of the small intesƟnal epithelium 
by inducing anƟmicrobial pepƟde producƟon in epithelial cells, namely the 
bactericidal C-type lecƟn RegIIIγ (Zheng, 2008, Nat. Med 14). Notch2 knockout mice 
infected with Citrobacter rodenƟum showed IL-22 producƟon in ILC3s were 
dependent on exposure to IL-23 derived from CD103+CD11b+ cDC2s (Satpathy et al., 
2013). However, these DCs may not be the sole source of IL-23 as CD103-CD11b+ 
cDCs and macrophages are known to express IL-23 that can induce ILC3 producƟon 
of IL-22 (Aychek et al., 2015). In this study it was also shown that IL-23 expression in 
CD103-CD11b+ DCs and macrophages prevented the producƟon of IL-12 in cDC1s, 
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providing protecƟon against a fatal Th1 cell response. This displays a further 
occasion where these intesƟnal cDC subsets cooperate during infecƟons.  
1.13 T cell funcƟons in intesƟnal homeostasis 
The largest populaƟon of T cells in the body reside throughout the intesƟnal LP and 
epithelium, of which a large proporƟon are CD4+ T cells. These are condiƟoned in 
secondary lymphoid organs where their acƟvaƟon results in their migraƟon to the 
LP. Here they can remain as Ɵssue-resident memory T cells over a prolonged period. 
CD4+ T cells comprise a heterogenous populaƟon of T helper 17 (Th17) cells that 
produce interleukin 17 (IL-17), T helper 1 cells (Th1) that are known to produce IFN-
γ, and diverse subsets of Tregs. IELs express CCR9, a gut homing receptor to CCL20 
expressed by the intesƟnal epithelium, and the integrin CD103 that interacts with E-
cadherin on the intesƟnal epithelium. Approximately 90% of IELs express T cell 
receptors (TCRs) and can be divided into convenƟonal or unconvenƟonal subsets. 
ConvenƟonal IELs are derived from anƟgen-primed T cells that migrate to the 
intesƟnal epithelium and are characterised as CD4+TCRαβ+ and CD8αβ+TCRαβ+ IELs. 
However, uncondiƟonal IELs migrate directly to the intesƟnal epithelium and are 
characterised as CD8αα+TCRαβ+ and CD8αα+TCRγδ+ IELs. These IELs help maintain 
intesƟnal homeostasis through expression of T helper properƟes during resƟng 
state and infecƟons (reviewed in (Van Kaer and Olivares-Villagómez, 2018)). 
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1.14 AnƟgen uptake by dendriƟc cells in the intesƟne 
As a major anƟgen-presenƟng cell, intesƟnal cDCs are exposed to foreign anƟgens 
such as food proteins, the microbiota and to self-anƟgens. Delivery of these 
anƟgens to MLNs is crucial for the development of tolerance to commensal bacteria 
and for iniƟaƟon of the adapƟve immunity towards enteric pathogens. Upon 
anƟgen uptake in the intesƟne, cDCs migrate to surrounding MLN via a chemokine 
receptor 7 (CCR7) -dependent manner. Here they present anƟgen to resident T cells 
for their inducƟon into effector T cells (Jang et al., 2006). In the steady state, cDCs 
of the intesƟne are deemed tolerogenic, and presentaƟon of anƟgens from 
commensal microbiota or dietary proteins in this state promotes the generaƟon of 
forkhead box P3 (FoxP3+) regulatory T cells (Treg) that maintain tolerance towards 
these products (Coombes et al., 2007). CD103+ cDCs in the MLN imprint Treg cells 
with the gut-homing receptors CCR9 and α4β7 through the expression of reƟnoic 
acid (RA) (Iwata et al., 2004; Coombes et al., 2007).  
Exposure to luminal content is achieved through several mechanisms including 
goblet cell anƟgen passages (GAPs) (McDole et al., 2012), extension of dendrites 
through the epithelium into the lumen (Niess et al., 2005; Chieppa et al., 2006; 
Farache et al., 2013), M cells in PPs (Jang et al., 2004), macrophage transfer 
(Mazzini et al., 2014), or in anƟgen-anƟbody complexes transported across IECs 
(Yoshida et al., 2004).  
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Figure 6. SchemaƟc of anƟgen delivery mechanisms for the inducƟon of intesƟnal homeostasis  
AnƟgens in the intesƟnal lumen can come into contact with DCs through various methods. 1, DCs can extend 
intraepithelial dendrites to sample the luminal space. 2, Goblet cells can transport anƟgen to closely associated 
DCs. 3, M cells within Peyer’s Patches can transport anƟgen to DCs. 4, AnƟgen can pass between epithelial cells 
or directly across the epithelium by enterocytes. 5, Enterocytes can internalise anƟgen for transport by 
transcytosis using FcRn on their cell surface. 6, Cells that undergo apoptosis due to senescence of infecƟon are 
phagocytosed by DCs. 7, AnƟgen transfer between macrophages and DCs can also occur. 
1.14.1 Goblet cell associated anƟgen transfer 
The in vivo imaging of CD11c-YFP mice revealed the uptake of dextran into goblet 
cells, with subsequent transfer to CD11c+CX3CR1- cells (McDole et al., 2012). It was 
noted that extensions of transepithelial dendrites into the luminal space for 
sampling was not seen during the 50 experiments taken. However, infecƟons with 
Salmonella typhimurium increased this luminal sampling to 2% of CD11c+CX3CR1- 
cells. This study used a macrophage marker CX3CR1 to disƟnguish between CD103+ 
and CD103- cells, since cDC2s have been shown to express low to intermediate 
levels of this receptor (Aychek et al., 2015; ScoƩ et al., 2015). Using a dual reporter 
mouse of CD11c-YFP and CX3CR1-GFP, the assumpƟon stood that CX3CR1- cells are 
CD103+ DCs and CX3CR1+ cells are CD103- DCs. This criteria for disƟnguishing DC 
subsets is opƟmisƟc since CD11c+CX3CR1+ cells could be macrophages as idenƟfied 
by another study (Farache et al., 2013), however this study nicely presents anƟgen 
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transfer from goblet cells to CD11c+CX3CR1- cells, suggesƟng that this process 
occurs mostly in the cDC1 subset in the intesƟne. InfecƟon with S. typhimurium 
inhibits goblet cell transfer of dietary anƟgens through exposure to IL-1β by stromal 
cells, this then prevents T cell proliferaƟon to luminal anƟgen and restricted the 
disseminaƟon of the pathogen (Kulkarni et al., 2018). 
1.14.2 Luminal sampling through transepithelial dendrites 
Imaging within small intesƟne of live mice in vivo has shown CD11c+CX3CR1- cells 
from within the epithelium extending transepithelial dendrites (TED) into the 
luminal space (Farache et al., 2013). Farache et al use the same dual reporter 
mouse as the study assessing goblet anƟgen transfer (McDole et al., 2012), but 
suggest that double posiƟve cells (CD11+CX3CR1+) are macrophages, not CD103- 
DCs. Here, CD103+ cells inhabit the LP with only few cells patrolling the epithelium. 
Upon infecƟon with S. typhimurium more CD103 cells are recruited to the 
epithelium where expression of Ɵght juncƟon proteins allows the DCs to penetrate 
Ɵght juncƟons between epithelial cells with dendrites extending into the luminal 
space. The cells engulf bacteria and upregulate CCR7 for migraƟon to MLNs for 
anƟgen presentaƟon to T cells. Although it was shown that Salmonella anƟgen is 
delivered to MLNs primarily by CD103+CD11b+ DCs in other studies (Bogunovic et 
al., 2009), the lack of CX3CR1 expression in this study suggests that luminal 
sampling is restricted to CD103+CD11b- cells. This suggests that CD103+CD11b+ DCs 
aƩain anƟgen by alternaƟve methods. The presence of CD103+ DCs in the 
epithelium makes sense since CD103 binds E-cadherin present on the basolateral 
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side of epithelial cells. Since epithelial cells condiƟon DCs to express RA, the close 
contact between IECs and CD103+ DCs explains the ability of CD103+ DCs to express 
RA for T cell condiƟoning aŌer anƟgen uptake and migraƟon to MLNs. 
1.14.3 Transfer of anƟgens from Macrophages to dendriƟc cells 
Mice depleted of CX3CR1+ cells were incapable of extending protrusions into the 
intesƟnal lumen (Niess et al., 2005) and CD103 DCs sampling the lumen is a rare 
event (Farache et al., 2013), it is therefore suggested that this acƟon is limited to 
CX3CR1+ macrophages. Since intesƟnal macrophages do not migrate to the MLNs 
where T cells are condiƟoned towards oral tolerance, luminal anƟgen acquired by 
TEDs in   macrophages can be transferred to DCs in the LP via the gap juncƟon 
connexin 43 with subsequent migraƟon of DCs to the MLNs (Mazzini et al., 2014). 
However, this study shows that CX3CR1 intermediate cells managed to uptake the 
anƟgen, which does not rule out the CD103-CD11b+ cDC subtype that has 
intermediate levels of CX3CR1 expression (Table 1).  
Current intravital microscopy models are unable to sufficiently disƟnguish 
macrophages and DCs subpopulaƟons in situ precisely. Improvements in these 
models or development of new models may elucidate many of the remaining 
quesƟons concerning role of each cell type during anƟgen acquisiƟon, oral 
tolerance and adapƟve immune condiƟoning. In this sense, a co-culture model of 
intesƟnal organoids and dendriƟc cells would be a useful step forward. 
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1.15 Environmental condiƟoning determines dendriƟc cell funcƟon 
IntesƟnal cDCs are characterisƟcally different to cDCs in other Ɵssues, suggesƟng 
factors within their local environment may drive their development and funcƟonal 
specialisaƟons. Even within the intesƟne, differing characterisƟcs of cDC subsets are 
determined by their regional locaƟon along intesƟne. This may be in part due to the 
microbial components, nutrient uptake, and funcƟonal differences along the length 
of the intesƟne. The addiƟon of condiƟoned supernatant from an Caco-2 epithelial 
cell line culture to human monocyte-derived DCs induced expression of IL-10, a 
characterisƟc of colonic DCs (Rimoldi et al., 2005). This was thought to be caused by 
expression of thymic stromal lymphopoieƟn (TSLP) by the colonic cell line, the first 
indicaƟon that the local environment can condiƟon DCs into an intesƟnal 
phenotype. 
Other metabolites that modulate intesƟnal cDC funcƟon includes short chained 
faƩy acids (SCFA) that interact with the aryl hydrocarbon receptor (AhR).  
Metabolites mainly derived from the diet or microbial by-products can acƟvate AhR, 
a ligand induced transcripƟon factor shown to be involved IL-22 producƟon in 
lymphocytes (Zelante et al., 2013). Cre-mediated deleƟon of AhR in CD11c+ cells 
within mice resulted in a decrease in CD103+ cDCs in the MLN and aberrant Wnt 
signalling in all APC subsets (Chng et al., 2016). Here, SI LP cDCs expressed lower 
levels of the Treg inducers TGFβ1 and ALDH1a2, although Treg numbers remained 
unaffected suggesƟng compensatory mechanisms for their development. The 
ablaƟon of AhR in CD11c+ cells reduced Paneth cell numbers and increased goblet 
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cell populaƟons within the small intesƟnal epithelium, possibly due to aberrant Wnt 
signalling from CD11c+ cells. To prove whether this alteraƟon in small intesƟnal 
epithelium make-up was directly due to CD11c+ cells, these were isolated from the 
MLN of AhR depleted mice and co-cultured with intesƟnal organoids. Paneth cell 
numbers were likewise reduced, suggesƟng AhR signalling in CD11c+ cells could 
parƟcipate in modulaƟng the epithelial lineages of the small intesƟnal epithelium. 
InteresƟngly, the increased goblet cell populaƟon in AhR depleted mice resembles 
the phenotypes in paƟents suffering from Crohn’s Disease, with reported reducƟons 
in AhR proteins in inflamed porƟons (Gersemann et al., 2009; Monteleone et al., 
2011). 
Metabolism of dietary fibre into SCFAs by members of the microbiota is known to 
be involved in mediaƟng anƟ-inflammatory effects in the intesƟne. Butyrate has 
been given most aƩenƟon for its beneficial effects on colonic health. DeleƟon of the 
G-protein-coupled receptor (GPR109A) for butyrate in mice resulted in coliƟs and 
decrease of Treg development, with butyrate implemenƟng a tolerogenic 
phenotype in splenic CD11c+ DCs and CD11b+ macrophages from wild-type mice 
determined by the expression of Aldh1a1 and IL-10 mRNA (Singh et al., 2014). 
As previously menƟoned, TGFβ in the intesƟne can drive differenƟaƟon of CD103-
CD11b+ cDCs into a CD103+CD11b+ cDC phenotype (Bain et al., 2017). This 
immunosuppressive cytokine is abundant in the intesƟne, with IECs the most likely 
source. Increased expression of TGFβ is determined by gut inflammaƟon, cell injury, 
and even interacƟons with the microbiota whereby SCFAs and ATP result in 
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exacerbated TGFβ producƟon by colonic IECs (Atarashi et al., 2011). In the absence 
of TGFβR1 in CD11c+ cells within mice, the CD103+CD11b+ subset is greatly reduced, 
and cDCs are less able to prime Treg cells (Bain et al., 2017). This represents the key 
role TGFβ plays in intesƟnal homeostasis and cDC development. 
Another apparent key immunomodulator of intesƟnal homeostasis is the cytokine 
granulocyte-macrophage colony-sƟmulaƟng factor (GM-CSF). InteracƟons between 
the microbiota and macrophages causes the release of IL-1β that drive the 
expression of GM-CSF from ILC3s, which in turn act on DCs to maintain Treg 
homeostasis through RA and IL-10 producƟon (Mortha et al., 2014). Lamina propria 
stromal cells of the SI also produce GM-CSF shown to increase RA producƟon in 
cDCs that is known to induce Treg development (Vicente-Suarez et al., 2015). 
PaƟents with Crohn’s Disease usually have neutralising anƟbodies to GM-CSF within 
the intesƟne possibly contribuƟng to the onset of disease. However, treatment with 
recombinant GM-CSF only alleviates symptoms in some of these paƟents, indicaƟng 
the intricate and variable mechanisms involved in conserving intesƟnal 
homeostasis. The metabolite most accredited to condiƟoning cDCs in the intesƟne 
is RA involved in key roles during steady state and in inflammaƟon.  
1.16 ReƟnoic acid 
1.16.1 Sources of reƟnoic acid 
RA is an important mediator in intesƟnal immune homeostasis since it is known to 
induce Treg cells and tolerance towards commensal bacteria, but RA can also 
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promote an inflammatory environment during disease and pathogenesis. RA is a 
metabolite derived from vitamin A (or reƟnol), an essenƟal nutrient obtained from 
the ingesƟon of meat and plants that contain carotenoids and reƟnyl esters, 
respecƟvely. ReƟnol can be processed by intesƟnal epithelial cells into reƟnal, then 
RA that can be subsequently released into the intesƟnal microenvironment, or into 
reƟnyl esters that are packaged into chylomicrons to be stored in the liver. ReƟnol 
stores from the liver are released into circulaƟon bound by reƟnol-binding protein 
to be taken up by cells of the body.  
The uptake of reƟnol by intesƟnal epithelial cells into the cytosol is converted to 
reƟnaldehyde (or reƟnal) by alcohol dehydrogenases that is further metabolised by 
aldehyde dehydrogenase enzymes (ALDH) into RA (Figure 7). There are many 
isoforms of ALDH, of which the most studied are ALDH1a1, ALDH1a2, ALDH1a3. The 
most abundant isoform of RA is all-trans-RA, and within the cytosol bind to either 
cellular reƟnoic-acid binding protein 1 for degradaƟon through cytochrome P450 
family 26 (CYP26) or bind to cellular reƟnoic-acid binding protein 2 (CRPBII) for 
translocaƟon to the cell nucleus. Here, RA acƟvates reƟnoic acid receptors (RARs) 
and reƟnoid X receptors (RXR) resulƟng in their dimerizaƟon that induces gene 
expression by allowing the binding to reƟnoic acid response elements (Figure 7).  
Tissue reƟnol levels are greatest within the small intesƟnal microenvironment, 
derived from diet uptake or bile from where reƟnol is stored in the liver. IntesƟnal 
epithelial cells metabolise reƟnol into RA since they have been shown to express 
ALDH1a1 (BhaƩacharya et al., 2016) and the expression of CRPBII in IECs is crucial 
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for inducing ALDH1a2 expression in intesƟnal DCs (McDonald et al., 2012). IEC-
condiƟoned medium contained RA that ulƟmately induced a tolerogenic phenotype 
in DCs (Iliev, Spadoni, et al., 2009). Therefore, IEC-derived RA is important for 
condiƟoning DCs. However, stromal cells of the lamina propria are also a source of 
RA in the small intesƟne known to affect DC condiƟoning (Vicente-Suarez et al., 
2015).  
Within MLNs RA acts on DCs and T cells to induce gut homing receptor expression in 
T cells. Sources of RA in MLNs are derived from DCs and stromal cells. The 
importance of stromal cells in MLNs has been shown in mice transplanted with 
peripheral lymph nodes (pLN), that do not express RA-synthesising enzymes, into 
the mesentery.  Gut homing T cells are not generate in the transplanted pLNs even 
in the presence of intesƟnal DCs (Hammerschmidt et al., 2008). However, bone 
marrow-derived DCs that do not express RA-synthesis enzymes injected into MLNs 
of CCR7 knockout mice did not induce the gut homing receptors on T cells, namely 
α4β7 and CCR9. This suggests that RA or other factors from MLN stromal cells and 
cDCs are both required to induce gut tropism.  
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Figure 7. SchemaƟc showing vitamin A metabolism into RA and the effects of RA on DC development and 
funcƟon.  
A, intesƟnal epithelial cells convert vitamin A into RA that is released into the lamina propria. B, RA from 
stromal cells and intesƟnal epithelial cells condiƟon pre-μDCs into cDCs with upregulated ALDH1a2. These cDCs 
migrate to MLNs and express RA and TGF-β that imprints T cells with gut homing α4β7 and CCR9 and condiƟon 
them into FoxP3 Tregs.  
1.16.2 ReƟnoic acid in intesƟnal homeostasis 
IECs not only forms a physical barrier of protecƟon against the external 
environment, but their sensing of luminal contents aids in shaping immune 
responses. Aside from the direct effects RA imparts on immune cell development 
and funcƟon, RA is also known to influence IEC differenƟaƟon. DeleƟon of RARα in 
mice resulted in an increased abundance of goblet cells and Paneth cells and a 
decrease in enteroendocrine cells (Jijon et al., 2018). The reducƟon in mononuclear 
phagocytes also observed here could be in part due to the increased mucus 
produced by the more abundant goblet cells, impeding the direct contact between 
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IECs and the microbiota that would otherwise shape the immune system. IEC-
derived RA drives a tolerogenic phenotype in DCs, an important factor during the 
inducƟon of oral tolerance towards commensal bacteria (Iliev, MileƟ, et al., 2009; 
Villablanca et al., 2011).  
As previously menƟoned, RA imprints T cell with gut homing receptors α4β7 and 
CCR9 within MLNs (Figure 7) (Iwata et al., 2004). Vitamin A deficient (VAD) mice had 
a significantly reduced number of T cells within the LP of the SI, proving the 
importance of diet-derived RA. RA plays a role in the generaƟon of IgA secreƟng 
intesƟnal B cells, whereby VAD mice lack IgA secreƟng cells due to the impaired 
inducƟon of gut homing receptors on B cells and an inability to synergise with IL-5 
or IL-6 produced by DCs (Mora et al., 2006). These results demonstrate the 
important role of RA in the regulaƟon of adapƟve immunity. A major source of RA 
that is important in direcƟng an effecƟve adapƟve immunity is provided by DCs in 
response to the intesƟnal microenvironment. 
1.16.3 ReƟnoic acid in DCs 
RA is thought to induce RA producƟon in cDCs through the upregulaƟon of 
ALDH1A2. IntesƟnal DCs derive from precursors in bone marrow where RA is 
thought to aid in their differenƟaƟon along a cDC lineage to a gut-like phenotype 
and imprinƟng with the gut-homing integrin receptor, α4β7. VAD mice are deficient 
in CD103+CD11b+ cDCs in the intesƟne and lymphoid Ɵssues, highlighƟng the 
importance of RA in intesƟnal DC development (Klebanoff et al., 2013). RA also has 
a direct effect on DCs through the upregulaƟon of a reƟnaldehyde dehydrogenase 
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1a1 (ALDH1a2) enzyme that induces further producƟon of RA (Molenaar et al., 
2011), however these pre-cDCs do no produce RA (Zeng et al., 2013)(data not 
shown), rather this must occur upon entry to the small intesƟnal LP where RA levels 
are high (Zeng et al., 2016). Exposure to RA here has a role in the differenƟaƟon of 
cDCs into the intesƟnal cDC subsets and expression of Aldh1a2 resulƟng in RA 
producƟon, most prominent in cDC1 subset (Jaensson-Gyllenbäck et al., 2011). 
There are different levels of ALDH expression in cDCs along the length of the small 
intesƟne, possibly in part due to increased vitamin A absorpƟon in the proximal 
small intesƟne (Villablanca et al., 2011).  
RA plays a role in both anƟ-inflammatory and pro-inflammatory responses. In the 
steady state, RA from DCs inhibits IL-6, IL-21 and IL-23 signalling in naïve T cells 
prevenƟng differenƟaƟon to Th17 cells (Xiao et al., 2008). RA produced by CD103+ 
DCs in humans can condiƟon Treg cells to release IL-10, an anƟ-inflammatory 
cytokine that is pivotal in maintaining immune homeostasis, since deficiency in IL-10 
is linked to IBD (Bakdash et al., 2015). In combinaƟon with TGF-β, RA induces the 
development of Treg cells, whereas TGFβ alone drives Th17 differenƟaƟon 
(Coombes et al., 2007; Bain et al., 2017). InducƟon of Ig class switching to IgA in B 
cells involves RA from DCs exposed to commensal anƟgens (Mora et al., 2006). 
These studies show the importance of RA in suppressing inflammatory T helper 
responses and establishing tolerance with Treg cell development. During infecƟon 
inflammatory cytokines counteract or work in conjuncƟon with RA to induce Th1, 
Th2 and Th17 responses. IL-1 can counteract RA-mediated inhibiƟon of Th17 
development by enhancing IL-6 signalling and overriding FOXP3 expression by RA 
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(Basu et al., 2015). A Th1 response is generated by RA during infecƟons in 
combinaƟon with IL-15, an inflammatory cytokine that is also present in paƟents 
with coeliac disease (DePaolo et al., 2011). Here, the expression of IL-12 and IL-23 
from DCs generates a Th1 response. In combinaƟon with IL-4, RA increases Th2 
development (Iwata, Eshima and Kagechika, 2003). Therefore, RA is fundamental in 
developing Treg cells and supressing Th17 cell differenƟaƟon but is also 
indispensable for the iniƟaƟon of Th1 and Th2 responses. Suppression of RA 
producƟon in DCs during certain infecƟons allows for the upregulaƟon of 
inflammatory response to enhance the clearance of parƟcular pathogens (Hurst and 
Else, 2013). The milieu of cytokines involved in each process is finely tuned for the 
effector outcome of T helper response and is sƟll not fully understood.   
1.17 The intesƟnal microbiota 
1.17.1 Establishment of tolerance in intesƟnal epithelial interacƟons with the 
microbiota 
The gut of mammals is colonised by an abundance of microorganisms collecƟvely 
termed the microbiota. These provide essenƟal nutrients that the host is otherwise 
unable to generate from dietary products. Balancing tolerance towards commensal 
microbes and driving pathogen clearance relies on many aspects of intesƟnal 
biology including the intesƟnal epithelium, and innate and adapƟve immune cells. 
Luminal contents are prevented from interacƟon with the intesƟnal epithelium due 
to a thick mucus layer and IgA. Goblet cells secrete MUC2, the hyperglycosylated 
mucin that forms a physical barrier between the epithelium and microbiota. In the 
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small and large intesƟnes of mice the lower levels of mucus closest to the 
epithelium are devoid of bacteria. In germ free mice this mucus layer is more 
penetrable by bacteria than convenƟonal mice suggesƟng an influence on mucus 
producƟon by commensal bacteria (Johansson et al., 2015). Further verificaƟon is 
provided by the normalisaƟon of the mucus layer by administraƟon of microbiota 
from convenƟonal mice. Mucus also affects adapƟve immunity by imprinƟng DCs 
with anƟ-inflammatory properƟes through the construcƟon of galecƟn-3-DecƟn-1-
FcγRII-β receptor complexes that drive β-catenin acƟvaƟon (Shan et al., 2013). 
Here, β-catenin inhibits the expression of pro-inflammatory cytokines through the 
NF-κB pathway and increases transcripƟon of TGF-β1 and RA involved in Treg 
development. 
Besides from providing a physical barrier between commensals and pathogens IECs 
also express anƟmicrobial products to prevent aƩachment to their surface. 
InteracƟons between microbe-associated molecular paƩerns (MAMPs) and PRRs on 
the epithelial cell surface, such as toll-like receptors (TLRs), results in the expression 
of anƟmicrobial products. The regeneraƟng islet-derived III-γ (REGIII-γ) protein is 
expressed by Paneth cells into the mucus layer and binds pepƟdoglycan moieƟes of 
bacteria to break down the cell wall. The producƟon of REGIII-γ is sƟmulated 
through TLR-MyD88 signalling and aids in maintaining intesƟnal homeostasis 
through spaƟal segregaƟon of bacteria from the epithelial surface (Vaishnava et al., 
2011). 
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DisƟnguishing between harmful pathogens and commensal bacteria is based partly 
on mode of infecƟon whereby pathogenic bacteria possess virulence factors that 
allow them to directly invade IECs thereby introducing their MAMPs into the cytosol 
where they interact with NOD-like receptors (NLRs). Commensal bacteria are non-
invasive and therefore less potent acƟvators of NLRs. The microbiota is restricted to 
interacƟons with IECs through binding of MAMPs to apical TLRs. However, 
interacƟons with TLRs on the basolateral side of IECs signals a barrier breach and 
iniƟates inflammatory responses. Certain commensal bacteria possess the ability to 
further reduce immune response towards them through the dampening of the 
classical NF-κB pathway, otherwise responsible for immune acƟvaƟon within cells 
through expression of pro-inflammatory genes. Bacteroides and Lactobacillus spp. 
are examples of commensal bacteria that behave in this way. Naturally, NF-κB 
dimers are sequestered by IκB complexes within the cytosol and PRR signalling 
causes the phosphorylaƟon of IκB resulƟng in its degradaƟon and the release of NF-
κB for their nuclear transport. Both species of commensal bacteria block the 
phosphorylaƟon of IκB thereby prevenƟng nuclear transport of NF-κB (Neish et al., 
2000).  Bacteroides spp. further dampen this signalling by inducing expression of 
peroxisome-proliferaƟon-acƟvated receptor-γ that is responsible for exporƟng NF-
κB from the nucleus (Kelly et al., 2004). These are mechanisms by which both the 
small intesƟnal epithelium and commensal bacteria restrict inflammatory immune 
responses and maintain tolerance. 
Page | 84  
 
1.17.2 Establishment of tolerogenic dendriƟc cells by the microbiota 
The symbioƟc relaƟonship between the host and commensal bacteria is essenƟal 
for nutrient processing, producƟon of essenƟal vitamins, and protecƟon against 
pathogens for the host. One mechanism in developing tolerance towards 
commensal bacteria relies of the spaƟal segregaƟon of bacteria from the epithelial 
surface as menƟoned above. This is achieved by a mucus layer, REGIII-γ secreƟon, 
and by IgA anƟbodies. Secretory IgA anƟbodies, described above, coat commensal 
bacteria to prevent access to immune cells and IECs, known as immune exclusion. A 
fine balance is achieved in IgA expression to obtain tolerance towards commensals 
and inflammaƟon towards pathogens. Low affinity, polyspecific IgA bind commensal 
bacteria to prevent aƩachment to epithelial cells, whereas high affinity, 
monospecific IgA binds pathogens for their neutralisaƟon. IgA is produced by 
plasma cells, with Peyer’s patches harbouring the majority of IgA-producing cells. M 
cells within PPs transport commensal bacteria across the epithelium where DCs 
interact with and induce B cell Ig switching to IgA secreƟon. Another possible source 
of IgA producƟon is through the inducƟon of Treg cells, driven by the exposure to 
TGFB, to produce IgA against commensal bacteria that further prevents their 
interacƟon with the immune system and the intesƟnal epithelium (Macpherson and 
Uhr, 2004; Cong et al., 2009). Upon infecƟon by luminal microbes, IgA-IC complexes 
interact with DCs to induce an inflammatory response against the invasive 
pathogen, ensuring luminal residents and pathogens are excluded from the LP 
(Hansen et al., 2018).  
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It is within the interest of the microbiota to aid the host in clearing pathogens via 
non-inflammatory means. This is to reduce collateral damage of commensal 
bacteria loss otherwise resulƟng from inflammaƟon. Indirect sƟmulaƟon of TLRs by 
commensal bacteria on DCs iniƟate MyD88-dependent Th1 responses against T. 
gondii infecƟons to prevent systemic infecƟon (Benson et al., 2009). This is one of 
many ways in which the microbiota plays a role in protecƟon against systemic 
infecƟon, including priming of neutrophils, macrophages and natural killer cells. 
The studies examining the processes of iniƟaƟng oral tolerance towards the 
microbiota have seen several advances in recent years that have expanded our 
knowledge. Transfer of microbiota anƟgen to the MLNs by DCs induce Treg 
development through the expression of RA, IL-10 and TGFB. Treg cells migrate to 
the intesƟnal LP to express IL-10 and TGFB that inhibits the producƟon of 
inflammatory cytokines within effector cells. Macrophage secreƟon of IL-10 with 
the LP supports the local expansion of these Treg cells involved in tolerance to 
proteins. It is sƟll unclear as to which DC subset is responsible for establishing and 
maintaining tolerance towards commensal bacteria due to imprecise APC 
idenƟficaƟon criteria in early studies. Likewise, how DCs can discriminate between 
pathogenic and commensal bacteria is unknown since both share components 
responsible for innate and adapƟve immune responses. 
1.18 DendriƟc cells in inflammatory bowel diseases 
The fine balance in maintaining homeostasis of the intesƟne can be altered to 
produce an inflammatory environment by abnormal immune responses towards the 
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commensal flora. Although the pathogenesis of IBD is largely unknown, impaired 
sensing and killing of commensal bacteria contribute to IBD, with mutaƟons in 
suscepƟbility genes for host-microbe interacƟons leading to the onset of IBD such 
as Crohn’s disease. MutaƟons in NOD2, the gene encoding an intracellular PRR, is 
associated with CD and is also associated with diminished α-defensin producƟon in 
Paneth cells, allowing for the accumulaƟon of bacteria that may lead to 
inflammaƟon (Hugot et al., 2001; Wehkamp et al., 2004). InducƟon of NOD2 
induces autophagy within cells, a process of degrading intracellular contents by the 
release of granules containing anƟmicrobial pepƟdes. MutaƟons in autophagy 
regulatory genes are also linked to CD, such as the autophagy related gene 16-like 1 
(ATG16L1) whereby their mutant form causes abnormal granule formaƟon within 
Paneth cells of mice, a pathology also observed in CD paƟents (Cadwell et al., 2008). 
This defecƟve gene also affects DC autophagy in CD paƟents with impairment in 
bacterial eliminaƟon (Cooney et al., 2010). 
Although cytokines and metabolites are important in intesƟnal homeostasis, 
irregular levels are present within paƟents with IBD. PaƟents with CD express lower 
levels of TSLP in the intesƟne, a cytokine expressed by intesƟnal epithelial cells that 
imposes a tolerogenic phenotype on cDCs allowing for an inflammatory 
environment (Rimoldi et al., 2005). Increased expression of inflammatory cytokines 
IL-6 and IL-12 in DCs from CD paƟents has been observed, with increased levels of 
TLR2 and TLR4 (Hart et al., 2005). This means that DCs within CD paƟents are 
acƟvated and are likely key iniƟators of inflammatory responses in IBD.  
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RA is known for its tolerogenic effects in intesƟnal homeostasis, therefore 
impairment in RA producƟon may increase suscepƟbility to inflammaƟon.  In 
PaƟents with ulceraƟve coliƟs (UC), a form of IBD concentrated to colonic Ɵssue, 
have reduced ALDH1a1 expression from cells in the colon with an increase in 
cytochrome P450 family 26 subfamily A member 1 (CYP26A1) enzyme that 
metabolises the breakdown of RA (BhaƩacharya et al., 2016). This is likely due to 
the inflammatory environment causing CD103+ DCs to adapt their funcƟon from a 
TGF-β and RA expressing phenotype to an IL-6 inflammatory phenotype in a coliƟs 
mouse model (Laffont, Siddiqui and Powrie, 2010). Another coliƟs model in mice is 
achieved through the administraƟon of dextran sulphate sodium (DSS) that impairs 
intesƟnal epithelial barrier integrity allowing for the influx of bacteria and hence the 
onset of inflammaƟon. During the early stages of this acute coliƟs model, RA 
producƟon increased to induce IL-22 producƟon in ILC3s that sƟmulate the repair of 
the small intesƟnal epithelium. However, repeated dosage of DSS, a model for 
chronic coliƟs, caused a reducƟon in ALDH1a1 expression in the intesƟnal 
epithelium suggesƟng chronic inflammaƟon causes the reducƟon of available RA 
(BhaƩacharya et al., 2016). ReducƟons in RA is symptomaƟc of UC, however RA 
levels are increased in CD paƟents with CYP26B1 polymorphisms with an inability to 
break down RA (Fransen et al., 2013). This is the only reported reducƟon of RA in CD 
paƟents, otherwise ALDH expression in intesƟnal CD103+ DCs in CD is the same as 
those of healthy individuals (Magnusson et al., 2016). The main models used for 
studying IBD pathogenesis relies on mouse models of coliƟs. Due to the intricacy of 
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IBD and the variability of disease, it remains unclear which animal model best 
represents that of human IBD with more suitable models needed to be generated. 
1.19 Coculture models of immune cells with organoids 
Organoids provide a model that is representaƟve of the intesƟnal epithelium, 
suitable for studying infecƟon and disease. However, this model sƟll lacks other 
aspects that contribute to pathology, in parƟcular immune cells. The addiƟon of 
immune cells to organoid cultures would enhance the physiological relevance of 3D 
models that would more closely resemble the microenvironment that enteric 
infecƟons would encounter in vivo. Due to the recent developments in organoid 
technology, cocultures with immune cells have been limited. Splenic T cells have 
been cultured with organoids that resulted in morphological changes to those 
resembling intraepithelial lymphocytes (IELs) such as dendrites and movement 
between organoid cells (Rogoz et al., 2015). Expanding on this study, organoids 
have been cultured with αβT and γδT IELs isolated from the small intesƟne (Nozaki 
et al., 2016). IELs are difficult to culture and suggesƟng that this is due to a lack of 
IEC-derived factors. Coculture of IELs with organoids provided an expansion in IEL 
number over a period of 2 weeks when cultured in the presence of IL-2, IL-7 and IL-
15 in organoid cultures. This study also used 3D imaging to show the 
mulƟdirecƟonal movements along the basolateral surface of organoids, a 
characterisƟc seen in vivo.   
Organoids can form a monolayer by culturing on collagen, exposing the luminal 
surface. Macrophages have been applied to the basolateral side of organoid 
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monolayers derived from human biopsies (Noel et al., 2017). The addiƟon of 
macrophages increased barrier integrity in organoids and upon their infecƟon with 
E. coli macrophages were condiƟoned to extend intraepithelial projecƟons and 
phagocytosis of the bacteria. Another study microinjected E. coli into the lumen of 
organoids derived from human pluripotent stem cells, resulƟng in an increase in IL-
18 expression (Karve et al., 2017). IL-18 is a chemoaƩractant for neutrophils, 
therefore this research group added polymorphonuclear neutrophils to infected 
organoid samples and observed increased migraƟon to sites of infecƟon. 
DCs isolated from the MLN of mice have been cultured with organoids (Chng et al., 
2016). In this study, the effects of the receptor AhR in DCs on organoid cell 
configuraƟon were analysed. The loss of AhR signalling in DCs resulted in the 
upregulaƟon of Mucin 2 and goblet cell differenƟaƟon, similar to in vivo 
experiments. However, these DCs were added to intesƟnal crypts that do not 
provide all the differenƟated cell types of the small intesƟnal epithelium during the 
early stages of these cultures. 
These coculture models of immune cells with organoids resemble many of the 
features seen in vivo, therefore these will prove valuable in assessing the crosstalk 
behaviour between immune cells and the intesƟnal epithelium. However, there 
remains to be a developed model of DC/organoid cocultures whereby the DCs 
required need to resemble the phenotype of mucosal DCs and in culture with fully 
formed organoids.  
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1.20 IntesƟnal dendriƟc cells and Toxoplasma gondii infecƟons 
1.20.1 Recruitment of DCs to the infected small intesƟnal epithelium 
InfecƟon of IECs with T. gondii result in the expression of chemokines and cytokines 
for the recruitment of immune cells (chapter 1.6, page 44). This milieu of 
inflammatory signals leads to the influx of DCs to the sites of infecƟon. Egress of 
parasites from IECs results in cell death which provides further inflammatory 
signalling for immune acƟvaƟon. 
Tissue damage or necroƟc cell death releases cytosolic or nuclear components that 
iniƟates an inflammatory response. Adenosine 5’- trisphosphate (ATP) is a cytosolic 
molecule that is sensed by ATP-gate purinergic P2x receptors (P2XRs) outside of the 
cells. AcƟvaƟon of P2X7R by ATP can acƟvate inflammasome formaƟon through NLR 
family, pyrin domain containing 3 (NLRP3) to secrete IL-1β. This inflammatory 
cytokine is important in intesƟnal immunity as it aƩracts neutrophils to the site of 
infecƟon that produce IFN-γ. InfecƟons of intesƟnal epithelial cell lines by T. gondii 
caused the inducƟon of TNF-α, IL-6, CCL5, and IL-1β producƟon through the P2X7R-
NLRP3 pathway (S.-W. Huang et al., 2017; Quan et al., 2018). This inflammatory 
pathway recruits CD103+ DCs to the epithelium of the intesƟne in mice aŌer T. 
gondii infecƟon, but not in P2X7R knockout mice (S.-W. Huang et al., 2017). IECs 
also contain TLRs that recognise microbial components. For example, the 
intracellular TLR9 recognises CpG moƟfs of T. gondii DNA to sƟmulate galacƟn-9 
producƟon (Hayen et al., 2018). IntesƟnal DCs are influenced by galacƟn-9 to induce 
an increase in ALDH expression in DCs (De Kivit et al., 2017).  
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Many of the studies used to assess early infecƟon events of T. gondii on the small 
intesƟnal epithelium rely on monolayer cultures and cell lines. These have provided 
much informaƟon on the producƟon of cytokines during infecƟons that would 
aƩract immune cells to the small intesƟnal epithelium. However, these may not be 
representaƟve of natural pathophysiology due to the lack of cellular diversity 
otherwise seen in vivo.  
1.20.2 Toxoplasma gondii infecƟons of DCs 
DCs are known to be key for resistance to T. gondii as a criƟcal source of IL-12 since 
this cytokine induces the expression of IFN-γ in NK cells and T cells. Flt3L-/- mice 
showed high suscepƟbility to toxoplasmosis, with decreased IL-12 and IFN-γ 
expression, impaired NK cell response, and a reducƟon in T cells (Dupont et al., 
2015). AblaƟon of the cDC1 subset in infected Baƞ3-/- mice showed increased 
suscepƟbility to infecƟon with decreased IL-12 and subsequent IFN-γ, with 
administraƟon of IL-12 restoring resistance to infecƟon (Mashayekhi et al., 2011). 
Invasion of DCs can cause the sƟmulaƟon of intracellular TLRs. In parƟcular, profilin 
expressed by T. gondii necessary for invasion serves as a ligand to TLR11 for IL-12 
producƟon (Pifer et al., 2011). Other intracellular TLRs also provide resistance to 
infecƟon by sensing of parasiƟc nucleic acids such as TLRs 3, 7, and 9 (Santamaria, 
Perez Cabarello and Corral, 2016).   
IsolaƟon of cDC subsets from the SI LP of orally infected mice showed an increase in 
IL-12 producƟon only in those cells not directly infected with T. gondii (Cohen and 
Denkers, 2015). A possible explanaƟon for the increased expression of IL-12 in non-
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infected cDCs may be due to response to soluble parasite factors or debris. However, 
IL-12 expression in MLNs by DCs is greater than those from SI LP, suggesƟng a delayed 
response of IL-12 producƟon aŌer infecƟon. RA expression, the metabolite involved 
in Treg inducƟon, is also repressed in all cDC subsets in the LP following infecƟon 
(Cohen and Denkers, 2015). This reducƟon may prevent T cell recruitment to the LP 
since RA expressed by DCs in the MLN imprint the gut homing receptor CCR9 and 
α4β7. However, to confirm this cDCs from the MLNs would need to isolated and 
analysed following T. gondii infecƟons. These studies show that the increased IL-12 
levels in mice infected with T. gondii mostly derive from non-infected DCs in response 
to TLR signalling, suggesƟng possible immunosuppressive roles of the parasite. 
1.20.3 IntesƟnal dendriƟc cells in Toxoplasma gondii disseminaƟon 
Infected DCs undergo morphological changes that coincide with increased 
migratory capacity. Changes include cytoskeletal acƟn redistribuƟon, loss of 
podosomes, and redistribuƟon of the surface integrins CD18 and CD11c, all of which 
impact cell adhesion (Weidner et al., 2013). This could be in part due to secreted 
factors from the parasite, in such that inhibiƟon of rhoptry proteins nullifies the 
onset of morphological changes. Podosomes are acƟn-rich structures that strongly 
interact with the extracellular matrix, and during DC maturaƟon these structures 
are dissolved to increase migraƟon towards lymph nodes. The change in shape of 
DCs, termed “amoeboid”, loss of podosomes, and expression of chemokine 
receptor CCR7 are all hallmarks of DC maturaƟon that occurs during infecƟon. 
Although DCs also express TLRs on their cell surface, acƟvaƟon of these are not 
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responsible for the increased moƟlity of DCs, hence are MyD88-independent and 
only occurs through direct invasion of parasites (Lambert et al., 2006; Weidner et 
al., 2013). 
The effects of T. gondii on DC moƟlity are strain specific. In parƟcular, type II T. 
gondii increased migraƟon and disseminaƟon of infected DCs in mice (Lambert et 
al., 2009). However, type I T. gondii only slightly increased DC moƟlity and are 
mostly seen as extracellular parasites in the spleen. This provides a suggesƟon that 
type I T. gondii enter the circulaƟon as extracellular parasites, with this hypothesis 
further verified by their increased capacity for transepithelial migraƟon (Barragan 
and Sibley, 2002). Types II and III T. gondii increase DC moƟlity and also exhibit a 
reduced capacity for transepithelial migraƟon, suggesƟng that their disseminaƟon is 
dependent on hijacking of immune cells. This hypermigratory phenotype in DCs is a 
cause of γ-aminobutyric acid (GABA) expression, a neurotransmiƩer known to be 
involved in cell migraƟon. Upon infecƟon with T. gondii, DCs increase their 
expression of GABA that iniƟates hypermoƟlity through GABAA receptor signalling 
and the influx of Ca2+ (Fuks et al., 2012; Kanatani et al., 2017). However, although 
GABAergic inhibiƟon affects moƟlity, it does not affect podosome frequency or cell 
cytoskeleton morphology (Weidner et al., 2013). This suggests a downstream 
mechanism of GABA on DC moƟlity following iniƟal signalling form T. gondii 
infecƟons. So, T. gondii infecƟons of intesƟnal DCs alters the immune cell’s 
morphology to increase migraƟon for subsequent parasite disseminaƟon. This is 
proposed to occur through podosome dissoluƟon, cytoskeletal remodelling, and 
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increase in GABA producƟon and CCR7 expression. All these processes increase the 
capacity of DCs to increase speed and direcƟonal moƟlity. 
1.21 Aims and objecƟves 
Due to the novelty of intesƟnal organoids, limited research has been carried out on 
methods to infect them with enteric pathogens (Wilson et al., 2014; Forbester et al., 
2015; Leslie et al., 2015; Saxena et al., 2016; Zhang et al., 2016). This is due to the 
luminal surface of the epithelial cells where infecƟons occur being obstructed by 
the enclosed shape of the organoids. In parƟcular, organoids have yet to be used to 
model T. gondii infecƟons to assess the defence responses from host cells during 
early stages of infecƟon and to establish uncertain characterisƟcs such as the 
primary route of infecƟon across the epithelium. Improving our understanding of 
the key role of DCs in T. gondii disseminaƟon may generate novel therapies and 
vaccines against infecƟon. However, most studies rely on live animal models that do 
not provide informaƟon on the earliest infecƟon events. Therefore, using organoids 
cocultured with intesƟnal DCs as models for T. gondii infecƟon, may provide a 
valuable tool in assessing host-pathogen responses to T. gondii infecƟons, and may 
even be further developed for other enteric infecƟons. 
Aim 1:  Develop intesƟnal organoids as an infecƟon model for T. gondii through 
generaƟng protocols that provide large samples at high infecƟon rates for high 
throughput analyses. 
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Aim 2: OpƟmise methods for the microinjecƟon of T. gondii into the luminal space 
of organoids for live image analysis of infecƟon and transepithelial migraƟon at the 
physiologically relevant route. 
Aim 3: Develop an in vitro culture of cDCs with an intesƟnal phenotype for coculture 
with organoids. Assess the condiƟoning effects of cDCs in culture with organoids, 
and the interacƟons using live imaging techniques. Assess interacƟons between 
cDCs and organoids infected with T. gondii. 
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Chapter 2: Materials and methods 
2.1 Mice 
Female, germ-free, C57Bl/6J mice between 7-8 weeks of age were purchased from 
Charles River. ROSAmT/mG mice were previously described (Muzumdar et al., 2007) 
and provided by the Biological Specimens Unit of the University of Liverpool. All 
mice were culled by cervical dislocaƟon schedule 1 procedure and Ɵssue 
transported on ice to IC2 (Liverpool Science Park) where experiments were carried 
out. All mice were maintained in accordance to the Animals ScienƟfic Procedures 
Act 1986 (ASPA). 
2.2 Murine small intesƟnal organoid cultures 
2.2.1 Crypt isolaƟon and culture 
Small intesƟnal organoids were developed as previously described with some 
alteraƟons (Sato and Clevers, 2013b). The jejunum of the small intesƟne of C57B1/6 
or ROSAmT/mG mice were removed and flushed with phosphate buffered saline 
soluƟon without Ca++ or Mg++, pH7.2 (PBS) (Sigma Aldrich). The intesƟnes were cut 
open longitudinally and further washed to remove debris and mucus before cuƫng 
into approximately 0.5cm secƟons. Tissues were washed in PBS through agitaƟon 
again and incubated in ice-cold 30mM EDTA for 5 minutes. The Ɵssues were 
removed from the EDTA, transferred to PBS and shaken for 15 seconds to remove 
epithelial cells before incubaƟng in EDTA again. PBS fracƟons were analysed for 
crypts under a light microscope. This incubaƟon/shaking process was repeated for a 
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total of 5 fracƟons and the fracƟon with the most crypts was filtered through a 
70µm strainer and centrifuged at 1200rpm for 5 minutes. Crypt quanƟty was 
assessed by counƟng crypt structures in 30µl of soluƟon and centrifuged at 300g for 
5mins at 4C. Matrigel (Corning) was diluted to 70% with IntesƟCult OGM mouse 
basal medium (catalogue number 06005; StemCell Technologies) and used to 
resuspend crypts. These were plated onto 9mm coverslips in a 48 well plate at 300 
crypts/30µl aliquots or onto Ɵssue culture-treated 24 well plates at 500 crypts/50µl 
aliquot. The Matrigel was allowed to polymerise for 20-30 minutes at 37°C before 
the addiƟon of IntesƟCult mouse basal medium with 1% penicillin/streptomycin 
(P/S) (10,000 U penicillin, 100 mg/ml streptomycin, Sigma) and incubated at 37°C, 
5% CO2. 
2.2.2 Organoid passage 
Every 7 days the organoids were passaged by mechanical disrupƟon and to remove 
luminal content. PBS was added to each organoid sample to disrupt the Matrigel 
and passed through a 27G needle. This was transferred to a 15mL tube with added 
PBS, centrifuged at 300g for 5 minutes and cultured in Matrigel as described above. 
Organoids were passaged at a 1:3 or 1:4 raƟo. 
2.3 Bovine small intesƟnal organoid cultures 
Bovine organoids were generated by Dr. Hayley DerricoƩ by the isolaƟon of crypts 
from the small intesƟne of cows taken from abaƩoir (DerricoƩ et al., 2018). 
Organoids were frozen and stored in liquid nitrogen. 
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Organoids were thawed from liquid nitrogen stores in a water bath unƟl liquid. 
Organoids were added to PBS and centrifuged at 50g for 3mins. Matrigel diluted to 
70% in bovine organoid medium was used to resuspend the organoid pellet and 
plated onto well plates as with murine organoids. Bovine organoid medium 
consisted of 50% IntesƟCult mouse basal medium, 50% Wnt3a-condiƟoned media 
(giŌed from Dr Carrie Duckworth, University of Liverpool) with added 1ug/mL R-
spondin 1 (Peprotech), 100ng/mL noggin (Peprotech), 100ng/mL EGF (Peprotech), 
1.5um CHIR99021 (Tocris), 5um Y27632 (Tocris), 5um SB202190 (Tocris), 250nM 
A8301 (Tocirs) and 100ug/mL Primocin (InvivoGen). This was added to bovine 
organoid cultures aŌer Matrigel had polymerised for 20-30 mins at 37C. Medium 
was changed every 2-3 days and passaged aŌer 7-10 days. Passages involved 
resuspending organoid cultures in PBS and fragmenƟng using the pipeƩe. Organoids 
were centrifuged at 50g for 3 mins and cultured in Matrigel as above. 
2.4 Toxoplasma gondii culture 
Two clonal strains of T. gondii were used in this study: type I, RH virulent strains and 
type II, Pru strain with two geneƟcally modified types of Pru strain used. Pru-GFP 
strain was kindly donated by Dr Eva Frickel, Francis Crick InsƟtute, and Pru-
tdTomato-Cre kindly giŌed by Anita Koshy, Stanford University. All T. gondii types 
were maintained in the immortalised Vero cell line that are derived from African 
green monkey kidney epithelial cells (ATCC). 
Page | 99  
 
Vero cultures and those with T. gondii were cultured in T25 vent-lidded flasks with 
high-glucose Dulbecco’s Modified Eagle’s Medium supplemented with 10% foetal 
bovine serum (FBS) and 1% P/S. Cultures were incubated at 37°C, 5% CO2. 
2.4.1 Vero cell culture 
Vero cultures were passaged every 7 days or when confluent. Culture medium was 
removed, and cells rinsed with PBS before the addiƟon of Trypsin-EDTA (Gibco) and 
incubated for 5 min at 37°C, 5% CO2. Cell detachment was analysed using a light 
microscope and the flask agitated to suspend cells. Trypsin acƟon was inhibited with 
the addiƟon of DMEM with 10% FBS and cell counts performed with equal volume 
of trypan blue. New cultures were seeded at 4 x 105 cells per T25 flask and 
incubated at 37°C, 5% CO2. 
2.4.2 Toxoplasma gondii culture 
Newly passaged Vero cells were cultured overnight before the addiƟon of parasites 
from thawed cryovials or from culture. Cells from parasite cultures were removed 
using a cell scraper and passed through a blunt end needle three Ɵmes to break up 
the cells and release intracellular tachyzoites. The suspension was centrifuged at 
2000rpm for 10 mins and resuspended in medium with a cell count performed. The 
RH strain and Pru strain were seeded at 1x104 and 1x106 parasites per 24h Vero 
culture, respecƟvely. Cultures were assessed every day using a light microscope and 
passaged when egress of parasites from Vero cells were observed, approximately 
every 7 days. 
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2.4.3 Toxoplasma gondii purificaƟon 
PurificaƟon of T. gondii was necessary for infecƟons of organoids. Vero cells were 
removed from parasite cultures using a cell scraper and passed through a blunt end 
needle three Ɵmes. PBS was added and the suspension centrifuged at 2000rpm for 
10 mins and resuspended in 5mL PBS. PD-10 desalƟng columns (GE HealthCare Life 
Sciences) were used to purify the parasites. Storage liquid in the columns were 
discarded and columns washed twice with 5mL PBS. The cell suspension was added 
to the column and the flow through collected. The column was washed with a 
further 5mL PBS and collected. A parasite count was performed with desired 
numbers isolated before centrifuging at 2000rpm for 10 mins. 
2.5 Organoid infecƟons with Toxoplasma gondii 
Organoids were removed from Matrigel as per passage protocol by disrupƟon with 
PBS. Organoids were centrifuged at 300g for 5 mins and resuspended in a low 
volume of 106 or 107 T. gondii (in approximately 50µL). These were incubated at 
37°C for 1 hour before washing with organoid media and culture in Matrigel as 
described above. 
2.6 Fixing and staining of infected organoid samples 
All organoid samples for staining were cultured on 9mm coverslips in 48 well plates. 
Medium was removed from organoid samples and gently washed with PBS. Samples 
were fixed for 30 mins in 4% paraformaldehyde (PFA) at room temperature before 
gently washing again with PBS.  
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To stain fixed organoid samples, washes every 20 mins for 2 hours with washing 
buffer (PBS, 1% serum, 0.1% Triton X-100) were performed. Samples were 
incubated at room temperature for 4 hours in blocking soluƟon (PBS, 10% serum, 
1% Triton X-100) (Table 2). Primary anƟbodies were diluted in blocking soluƟon, 
added to samples and incubated overnight at 4°C. Samples were washed three 
Ɵmes with washing buffer and secondary anƟbodies diluted in washing buffer were 
added for 2 hours at room temperature. Organoid samples were then washed every 
20 mins with PBS for 2 hours before coverslips were extracted. All washing, blocking 
and staining steps were carried out on a plate rocker. 
To prevent the compression of organoid samples against glass slides, 7mm diameter 
1mm thick O-rings were glued to glass slides and Hydromount (ScienƟfic Laboratory 
Supplies) pipeƩed into the O-rings. Organoid samples were inverted onto the 
Hydromount and allowed to dry at room temperature. Samples were stored at 4°C 
before imaging.  
2.6.1 Immunofluorescence staining and confocal imaging 
For the characterisaƟon of organoid cells, organoids were stained with phalloidin in 
combinaƟon with lysozyme, chromogranin A, mucin-2, or E-cadherin (Table 2). 
For staining of infected organoids from C57Bl/6J mice, Rhodamine-Phalloidin stain 
was used to stain for F-acƟn in organoids, or e-cadherin for basolateral staining of 
epithelial cells and SAG-1 for T. gondii with anƟ-mouse AF488 secondary anƟbody 
(Table 2). When staining these infected organoids for GRA7, phalloidin AF-647 was 
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used for organoid staining, SAG-1 and AF488 for T. gondii, and anƟ-rabbit TRITC 
secondary anƟbody for GRA7.  
Table 2. AnƟbodies and stains used for confocal imaging of organoids and those infected with T. gondii.  
BSA: bovine serum albumin 
Stain Host Target Blocking 
serum 
Manufacturer 
Rhodamine-
phalloidin 
 F-acƟn BSA/ 
donkey/ goat 
Life 
Technologies 
Phalloidin- 
AF647 
 F-acƟn BSA/ 
donkey/ goat 
Life 
Technologies 
DAPI  Nucleus  Life 
Technologies 
SAG-1 (TP3) Mouse Surface protein 
of T. gondii 
 Abcam 
GRA7 Rabbit Dense granule 7 
from T. gondii 
 GiŌ from 
David Sibley, 
University of 
Washington 
Chromogranin 
A 
Rabbit Enteroendocrine 
cells 
 Insight 
Biotechnology 
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Mucin-2 
(H-300) 
Rabbit Goblet cells  Insight 
Biotechnology 
Lysozyme 
(BGN/06/961) 
Mouse Paneth cells  Abcam 
Villin 
(C-19) 
Mouse Microvilli/brush 
border 
 Abcam 
E-cadherin 
(24E10) 
Rabbit Tight juncƟons  BD 
TransducƟon 
Laboratories 
AnƟ-rabbit 
TRITC 
Donkey Rabbit primary 
anƟbodies 
Donkey 
serum 
Stratech 
ScienƟfic Ltd 
AnƟ-rabbit 
FITC 
Donkey Rabbit primary 
anƟbodies 
Donkey 
serum 
Stratech 
ScienƟfic Ltd 
AnƟ-mouse 
AF488 
Donkey/Goat Mouse primary 
anƟbodies 
Donkey 
/Goat serum 
Stratech 
ScienƟfic Ltd 
AnƟ-mouse 
AF647 
Rat Mouse primary 
anƟbodies 
BSA/Rat 
serum 
Biolegend 
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All images were acquired at the Centre for Cell Imaging in the InsƟtute of 
IntegraƟve Biology, University of Liverpool using Zen Black soŌware (Zeiss) on a 
Zeiss LSM880 mulƟphoton upright confocal microscope with the laser lines Diode 
(405nm), Argon (488nm), DPSS-5610 (561nm) and HeNe633 (633nm). ObjecƟves 
used were W-Plan Apochromat 40x/1.0 Dic water immersion (Zeiss) and Pan-
Apochromat 63x/1.0 oil DIC M27 oil immersion (Zeiss). 
2.7 Imaris image analysis of infected organoids 
Infected organoid samples were quanƟfied for T. gondii using Imaris x64 v8.2.1 
image analysis soŌware (BitPlane). Automated parasite counts were manually 
checked for accuracy.  
The “spots” funcƟon was used to determine parasite numbers. Here, Imaris 
soŌware allocates spots onto fluorescent signals of certain channels so to be 
quanƟfied. For T. gondii quanƟficaƟon, GFP fluorescence of the parasite was carried 
out by 2 steps: first, “surfaces” funcƟon was used to generate an iso-surface of the 
organoid using the F-acƟn stain that allows for the quanƟficaƟon of its volume; 
second, the “masking” applicaƟon of this “surface” was used to assess overlapping 
signals from the GFP parasites. This allows for a channel ascribed to intracellular 
parasites. The “spots” funcƟon was used on this new intracellular parasite channel 
to determine parasite number. A manual count was then carried out to ascertain 
the precision of the automated count using the “secƟon” tab that allows viewing of 
secƟons from all planes: XY, XZ, YZ. 
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2.8 MicroinjecƟons of Toxoplasma gondii into the luminal space of organoids 
2.8.1 OpƟmisaƟon of microneedle producƟon 
Due to the relaƟvely large size of T. gondii (3-6µm) compared to pathogens 
previously microinjected into the luminal space of organoids (S. typhimurium, H. 
pylori, Noro virus), the microneedle bore size needed to be significantly larger to 
prevent blockage of the microneedle Ɵp. Therefore, a bore size of approximately 
10µm was determined to be sufficient. 
Consistency of microneedle producƟon was required, therefore using the P-2000 
micropipeƩe puller (SuƩer Instruments) allowed for the control of many variables 
such a weight, temperature, velocity, and delay when pulling thin-walled, 0.75µm 
internal diameter glass capillaries (TW100-4; World Precision Instruments). Some 
microneedles were bevelled (EG-400; Narishige) since pulling of these needles may 
cause the Ɵps to seal closed.  
This method proved inconsistent in microneedle producƟon of a suitable bore size. 
It helped determine that a bore size of 10µm is opƟmal to prevent needle blockage 
but any larger then pressure compensaƟon problems occurred, and the needle Ɵp 
length should be short to decrease the chances of blockage. Therefore, 
microneedles were pulled using the simpler pulling machine (PC-10; Narishige) at 
different weights and temperature to provide a short microneedle Ɵp. These were 
then loaded onto the microinjector system and the Ɵps broken in a dish unƟl an 
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approximate bore size of 10µm was achieved. OpƟmal pulling condiƟons were 355g 
at 50°C. 
2.8.2 Organoid culture for microinjecƟons 
Organoids were resuspended from Matrigel using PBS and centrifuges at 300g for 5 
mins. Supernatant was removed and 1mL of medium (IntesƟCult mouse basal 
medium) added and centrifuged again. The supernatant was removed and 70% 
Matrigel diluted in organoid medium was added on ice. Organoids were plated onto 
low-wall, glass boƩom, 3.5cm culture dishes as a thin layer, incubated for 20-30 
mins at 37°C for Matrigel polymerisaƟon, and organoid medium added. These were 
cultured overnight at 37°C, 5% CO2. Organoids to be injected with live T. gondii for 
live imaging were cultured onto 3.5cm, glass boƩom grid, low-wall, culture dish 
(80156, ibidi).  
2.8.3 MicroinjecƟons of fluorescent microspheres and Toxoplasma gondii into the 
lumen of organoids 
Proof of principle experiments were carried out by loading either 2µm (L4530; 
Sigma Aldrich) or 6µm (17156-2; Polysciences Europe) fluorescent microspheres 
into microneedles for microinjecƟons into organoids. Both murine and bovine 
organoids were used. Microneedles were loaded onto a microinjector system with 
an Eppendorf FemtoJet Microinjector. InjecƟons were carried out using an 
Epifluorescence Microscope (Zeiss) and acquired using ImageJ soŌware. 
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T. gondii were purified using PD-10 columns as described above. Purified parasites 
were centrifuged at 2000rpm for 10 mins, supernatant removed, and centrifuged 
again to remove residual PBS with PBS added to aƩain a density of 3-4x108/ml. 
These were loaded into previously made micropipeƩes (as above) using 3-5µL of 
parasite suspension and Eppendorf Microloader Ɵps (ScienƟfic Laboratory Supplies). 
The medium was removed from the organoid sample and placed under an 
Epifluorescnet microscope (Zeiss). The microneedles were loaded onto the 
microinjector system and lowered onto organoids. The needle was then moved 
laterally to pierce into the organoid and parasite were injected using 0.1 sec 
injecƟon rate with increasing injecƟon pressure from 100hPa to 300hPa unƟl 
parasites enter the lumen. The microneedle was removed from the organoid and 
brought out of the Matrigel to posiƟon the sample to another organoid for the 
process to be repeated.  
Live imaging of organoids microinjected with live T. gondii were carried out using 
ROSAmT/mG organoids and T. gondii Pru-GFP. Time-lapse images of z-stacks were 
acquired using the LSM 880 MP confocal microscope with Airyscan (Zeiss) and the 
2-photon Chameleon laser was set to 920 nm. Emission light was separated with 
490 or 555 dichroics. Bandpass filters 525/25 and 590/20 M were used to minimise 
spectral overlap. All images were analysed using the Zen Black soŌware as 
described above. 
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2.8.4 MicroinjecƟons of CpG ODN into organoid samples 
Organoids were cultured onto 9mm coverslips in a 48 well plate overnight as 
described above. Coverslips were removed and placed onto a glass boƩom, 3.5cm 
culture dish for microinjecƟons. Microneedles were produced using a lower weight 
(225g) and higher temperature (60°C) to produce a thinner bore size of 
approximately 3µm to allow for greater control of compensaƟon pressures. 
CompensaƟon pressure was determined by placing the microneedle onto the glass 
boƩom dish away from the organoid sample and assessing the movement of fluid 
and adjusƟng to prevent movement in or out of the needle. The organoids were 
injected with 5µM CpG ODN (M362, Invivogen) or PBS (control) as described above. 
2.9 Bone marrow culture to produce dendriƟc cells with a gut-like phenotype 
2.9.1 Bone marrow isolaƟon 
Femurs and Ɵbias of C57B1/6 mice were removed and Ɵssue scraped off in PBS 
using a scalpel. The bones were soaked in 70% ethanol for 5 minutes. The epiphyses 
of the long bones were cut using the scalpel and the bone marrows were flushed 
out with RPMI 1640 medium supplemented with 2mM L-glutamine and 1% P/S 
using a syringe and 27G needle. Cells were centrifuged at 1500rpm for 5 minutes 
and suspended in ACK lysis buffer for 3 minutes at room temperature before 
filtering through a 70μm filter, centrifuging and resuspending in culture medium.  
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2.9.2 Bone marrow culture method 1 
BM cells were cultured at 1x106 cells/mL in a 6 well plate in complete RPMI 1640 
medium containing 10% (vol/vol) FBS, 2mM L-glutamine, 1% (vol/vol) P/S and 50μM 
2-mercaptoethanol. CombinaƟons of recombinant GM-CSF (576304, Biolegend), 
recombinant Flt3L (550702, Biolegend) and recombinant IL-4 (574302, Biolegend) 
were added to the cultures as described in chapter 5 (page 118). 
2.9.3 Bone marrow culture method 2 
BM cells were cultured at 1.5x106 cells/ml in a 6 well plate in complete RPMI 1640 
medium containing 10% (vol/vol) FBS, 2mM L-glutamine, 1% (vol/vol) P/S, 50μM 2-
mercaptoethanol, and 200ng/ml Flt3L (550702, Biolegend), with 20ng/ml GM-CSF 
(576304, Biolegend) added from day 6 of culture. A proporƟon of the BM culture 
was treated with 1μM of reƟnoic acid (R2625, Sigma) from day 6. Medium was 
added on day 5 (100ng/ml Flt3L) and cells harvested on day 8 by gentle pipeƫng to 
collect non-adherent and loosely adherent cells. 
2.9.4 DendriƟc cell enrichment 
BM-derived DCs were enriched using posiƟve selecƟon MACS for CD11c (Miltenyi) 
as per manufacturer’s instrucƟons with some slight alteraƟons. BMDCs were 
harvested on day 8 by pipeƫng and centrifuged at 1500rpm for 5 mins and 
resuspending in buffer (PBS with 2% FBS), blocked with CD16/32 anƟbody on ice for 
20 mins. MACS buffer (PBS with 2% FBS and 2mM EDTA) was added and 
centrifuged. Cells were resuspended in MACS buffer at 400µl/108 cells and CD11c 
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microbeads added at 50µl/108 cells. These were incubated in the fridge for 20 mins 
before more MACS buffer was added and the samples centrifuged at 200g for 10 
mins. LS columns (Miltenyi) were placed in a magneƟc stand and rinsed with MACS 
buffer. Cells were resuspended in 500µl of MACS buffer and added to the column, 
discarding the flow through. Columns were rinsed three Ɵmes and placed in a 15mL 
falcon tube. 5mL of MACS buffer was added to the column and cells were flushed 
out using the plunger. A cell count was performed and required amounts were 
separated and centrifuged at 200g for 10 mins. 
2.10 Co-culture of bone marrow-derived gut-like dendriƟc cells with organoids 
2.10.1 Organoid/DC cocultures to assess dendriƟc cell condiƟoning 
DCs derived from bone marrow were isolated and enriched for CD11c as above. 
Organoids were removed from Matrigel through disrupƟon with PBS and 
centrifuged at 300g for 5 mins. DCs were resuspended in Matrigel and added to 
organoid samples at 2x106/mL and aliquoted at 100µl onto 9mm coverslips in a 48 
well plate. These samples were incubated at 37°C for 20-30 mins and organoid 
medium added and incubated at 37°C, 5% CO2. AŌer 24 hours if incubaƟon the 
organoid/DC samples were resuspended in PBS and centrifuged at 1500rpm for 5 
mins for staining (chapter 2.12, page 114). 
2.10.2 Time-lapse imaging of DC/organoid cocultures 
The DCs cultured from bone marrow were isolated and enriched as described 
above. They were resuspended in DMEM without FBS at 1x106/mL and 2µM 
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carboxyfluorescein succinimidyl ester (CFSE) added and incubated for 7 mins at 
room temperature. Cells were washed with DMEM containing 10% FBS at 1500rpm 
for 5 mins, resuspended in Matrigel and leŌ on ice to prevent polymerisaƟon. 
Organoids generated from ROSAmT/mG mice were removed from Matrigel using PBS 
and centrifuged at 300g for 5 mins. The supernatant was removed, and organoids 
centrifuged again to remove residual PBS. Isolated DCs in Matrigel were added to 
the organoids at 1.1x105/mL of DCs, plated onto glass boƩom 3.5cm culture dishes 
and incubated at 37°C for 20-30 mins. Samples were transported to the CCI for live 
imaging where phenol-red-free DMEM/F12 (ThermoFisher ScienƟfic, 11039021) 
was added to the samples. 
Time-lapse images of z-stacks were acquired over a 50-minute period at 2-minute 
intervals using the LSM 880 MP confocal microscope with Airyscan (Zeiss) and the 2-
photon Chameleon laser was set to 920 nm. Emission light was separated with 490 
or 555 dichroics. Bandpass filters 525/25 and 590/20 M were used to minimise 
spectral overlap. 
2.10.3 MoƟlity and morphology analysis of dendriƟc cells in culture with organoids 
using Imaris imaging soŌware 
Once the Ɵme-lapse images of DC/organoid cocultures were obtained, Imaris 
soŌware was used to analyse DC morphology and moƟlity (Figure 8). SelecƟng only 
the CFSE channel (Figure 8B), the ‘surfaces’ funcƟon was used to cover the CFSE 
fluorescence of the DCs (Figure 8C). In organoid samples, infected cells express 
eGFP that were manually removed from the ‘surface’ selecƟon. The ‘surfaces’ 
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funcƟon allows the tracking of each individual DC over the Ɵme-lapse period (Figure 
8D) as well as providing data on their morphology. 
 
Figure 8. Imaris analysis of DC moƟlity and morphology 
DCs were labelled with CFSE and cocultured with ROSAmT/mG organoids and imaged using 2-photon microscopy 
and analysed using Imaris soŌware. A, is a representaƟve sample of a DC and infected organoid coculture. DCs 
are CFSE labelled (green) and organoids express tdTomato (red) with infected cells expressing eGFP (green). B, 
the channel for eGFP and CFSE was selected for the ‘surfaces’ funcƟon. C, using the ‘surfaces’ funcƟon, gDCs 
were selected and eGFP cells were removed from selecƟon. D, the surfaces funcƟon also allows the tracking of 
individual DCs over the Ɵme-lapse period with tracks marked as mulƟcoloured lines. Scale bar 30μm 
2.10.4 Coculture of dendriƟc cells with TLR9-acƟvated organoids 
Organoid samples on 9mm coverslips were microinjected with 5µM CpG ODN 
(M362, Invivogen) as described above (chapter 2.8.4, page 108). These organoid 
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samples were placed back into a 48 well plate and incubated overnight at 37°C, 5% 
CO2. PBS was used to gently wash the samples and purified BM-derived DCs were 
added to the organoids at 2x105 cells per sample (1x106/ml). These were incubated 
overnight and resuspended in PBS for flow cytometric analysis. 
2.11 IsolaƟon of dendriƟc cells from the lamina propria of the small intesƟne 
DCs were isolated from the LP of the small intesƟne of mice as previously described 
with some alteraƟons (Cohen and Denkers, 2015). Small intesƟnes were harvested 
from C57Bl/6J mice and PPs removed. The Ɵssue was cut longitudinally to buƩerfly 
the small intesƟne and washed three Ɵmes in PBS. The small intesƟne was cut into 
approximately 0.5cm lengths, washed in PBS and incubated in Hanks’ Balanced Salt 
soluƟon (HBSS) supplemented with 5% FBS, 5mM EDTA and 10mM HEPES in an 
orbital shaker for 20 minutes at 250rpm at 37°C. This was repeated for a total of 
three Ɵmes with shaking for 20 secs in PBS between each incubaƟon to remove all 
epithelial cells. The Ɵssues were minced with scissors and incubated in HBSS with 
1.5mg/ml collagenase VIII (C2139, Sigma Aldrich) and 40µg/mL DNAse I (DN25, 
Sigma Aldrich) for 20 minutes in an orbital shaker at 200rpm, 37°C and vortexed for 
20 seconds to allow for thorough dissociaƟon. The suspensions were passed 
through 100µm and 30µm filters and centrifuged at 1500rpm for 5 minutes. In 
some instances, Percoll density separaƟon was then performed whereby the cell 
pellet was resuspended in 40% Percoll, layered onto 80% Percoll and centrifuged at 
1,000g for 20 minutes with no brake. Cells at the interphase were collected. Cells 
were enriched for CD11c+ cells by posiƟve selecƟon with CD11c microbeads 
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(Miltenyi) through two LS columns (Miltenyi) as described above (chapter 2.9.4, 
page 109). Enriched cells were then analysed using flow cytometry (chapter 2.12, 
page 114) and added to organoid cultures for live imaging as in chapter 2.10.2, page 
110. Time-lapse images of z-stacks were acquired over a 50-minute period at 2-
minute intervals using the LSM 880 MP confocal microscope with Airyscan (Zeiss) 
and the 2-photon Chameleon laser was set to 920 nm. Emission light was separated 
with 490 or 555 dichroics. Bandpass filters 525/25 and 590/20 M were used to 
minimise spectral overlap. MoƟlity of DCs were analysed using the Imaris imaging 
soŌware (chapter 2.10.3, page 111). 
2.12 Flow cytometric analysis of dendriƟc cells and DC/organoid cocultures 
Samples were suspended in buffer (PBS with 2% FBS) with CD16/32 blocking 
anƟbody (1/1000 diluƟon) on ice for 20 mins. Fluorescent conjugated anƟbodies 
were added to samples as in Table 3 for 30 mins on ice and washed twice with 
buffer at 1500rpm for 5 mins. Samples were processed using MACSQuant Analyzer 
(Miltenyi Biotec) and analysed with FlowJo (Tristar). Live cells were gated using 
FSC/SSC plot and aggregates excluded by SSC pulse width. 
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Table 3. AnƟbodies used for flow cytometry analysis of DCs 
AnƟbody Fluorescent 
conjugate 
DiluƟon Clone Manufacturer 
Fixable Viability Dye ef450 1/400 N/A 
eBioscience 
CD11b APC-efluor 
780 
1/500 M1/70 
CD11c APC-efluor 
780 
1/500 N418 
I-A/I-E (MHCII) BV421 1/1000 M5/114.15.2 
Biolegend 
CD11c FITC 1/200 N418 
CCR9 PE 1/200 9B1 
CD103 PE 1/200 2E7 
Armenian 
Hamster IgG 
isotype 
PE 1/200 HTK888 
CD45 PE/Cy7 1/1000 30-F11 
CD103 PE/Cy7 1/800 2E7 
F4/80 APC 1/200 BM8 
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CCR7 APC 1/200 4B12 
Rat IgG2a κ 
isotype 
APC 1/200 RTK2758 
CD11c APC 1/200 N418 
CD11b APC/Fire 
750 
1/800 M1/70 
 
2.12.1 ALDEFLUOR assay opƟmisaƟon 
Before staining for cell surface markers, DCs were stained for intracellular aldehyde 
dehydrogenase enzyme using ALDEFLUOR kit (StemCell Technologies) as per 
manufacturer’s instrucƟons with alteraƟons. Cells were resuspended in ALDEFLUOR 
buffer with half the volume of each sample added to the DEAB inhibitor (90µM) as 
the control. ALDEFLUOR reagent (365nM) was added to each sample and control, 
mixed, and incubated at 37°C for 30 mins. Samples were centrifuged at 1500rpm for 
5 mins and resuspended in ALDEFLUOR buffer for further staining. 
BMDCs derived from culture with GM-CSF, Flt3L, and RA were used to determine 
the concentraƟons of ALDEFLUOR reagent, Diethylaminobenzaldehyde (DEAB) 
reagent as the control, and cell density for the opƟmal detecƟon of ALDH acƟvity 
(Figure 9).  
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Figure 9. OpƟmisaƟon of ALDEFLUOR assay kit for opƟmal detecƟon of ALDH in DCs  
BM cells cultured in Flt3L, GM-CSF and RA were used to opƟmise aldefluor staining. Differing concentraƟons of 
ALDEFLUOR reagent and the blocking control were used to determine the greatest intensity of ALDH compared 
to the control. Results derived from a single experiment. 
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Chapter 3: Development of intesƟnal organoid cultures as a disease model for 
Toxoplasma gondii 
3.1 IntroducƟon 
Current models of the intesƟnal epithelium for studying enteric infecƟons are 
unsuitable due to the lack of cellular diversity in monolayer cultures and the 
difficulty in detecƟng early infecƟon events in live animal models. IntesƟnal 
organoids have been developed that recapitulate the cellular diversity and 
architecture of the small intesƟnal epithelium, making them a far superior model 
for enteric infecƟons. However, organoids have been established as an infecƟon 
model for only a limited number of pathogens and not yet opƟmised for T. gondii 
infecƟon.  Such a model would contribute vital understanding of early infecƟon 
events in the small intesƟnal epithelium.  
3.1.5 Current models for Toxoplasma gondii infecƟon of the small intesƟnal 
epithelium 
Assessing the interacƟons and responses of intesƟnal epithelial cells during early 
infecƟons with T. gondii mostly relies on monolayer cultures (Barragan and Sibley, 
2002; Barragan, Brossier and Sibley, 2005; Ju, Chockalingam and Leifer, 2009; Gopal, 
Birdsell and Monroy, 2011; Morampudi, Braun and D’Souza, 2011; Weight et al., 
2015; Briceno et al., 2016). Epithelial cell lines have been shown to respond to T. 
gondii infecƟon through the expression of soluble factors that allow them to 
communicate with immune cells to aid in pathogen clearance (Ju, Chockalingam and 
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Leifer, 2009; Morampudi, Braun and D’Souza, 2011). T. gondii disrupts cell-cell 
contacts between epithelial cells to improve their transmigraƟon across the 
intesƟnal barrier between host cells (Dubey, 1997; Weight et al., 2015). They also 
directly invade epithelial cells where they replicate and egress to spread infecƟon 
(Dubey, 1998; Barragan and Sibley, 2002; Gregg et al., 2013). LiƩle is known about 
the host defence mechanisms in infecƟons with an established PV. It is also 
uncertain whether the paracellular or intracellular route contributes more to 
establishing infecƟon, and whether this differs with parasite strain. The studies that 
proposed these mechanisms involved monolayer cultures that are poorly 
representaƟve of the structure or diversity of the intesƟnal epithelium and may 
therefore not provide physiologically relevant results. In vivo mouse models have 
been used to assess later stages of infecƟon. However, locaƟng rare foci of infecƟon 
and analysing small, local physiological changes against a large background of 
normal Ɵssue is very difficult, especially when analysing early stages of infecƟon 
(Gregg et al., 2013). The use of organoids as a model for T. gondii infecƟons 
provides a more suitable tool for assessing host-pathogen interacƟons during early 
infecƟon events. 
3.1.2 Small intesƟnal organoids 
An in vitro, 3D, intesƟnal epithelial model has been established, otherwise known as 
intesƟnal organoids, that provide the structure and cellular diversity seen in vivo 
(Sato et al., 2009). Here, the crypt structures that contain both stem cells and 
Paneth cells are isolated from the intesƟnal epithelium and cultured in a 3D 
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extracellular matrix with growth factors R-spondin-1, epidermal growth factor, and 
Noggin. The crypt structures proliferate to produce further crypts in the form of 
buds and a villus-like, polarised epithelium surrounding a central lumen that fills 
with apoptoƟc cells resulƟng from normal cell turnover of intesƟnal epithelial cells. 
Organoids can be cultured and expanded for many months, even lasƟng over 1.5 
years without any geneƟc alteraƟons, minimising the requirement for experimental 
animals (Sato et al., 2009). Due to the cell diversity and architecture of organoids 
recapitulaƟng that of the small intesƟnal epithelium, responses to infecƟon would 
be of physiological relevance. One study briefly menƟons infected organoids with T. 
gondii, however no methodology was provided, nor any measurements (Klotz, 
Aebischer and Seeber, 2012). Therefore, establishing protocols for the infecƟon of 
organoids would provide a valuable tool to elucidate events during early infecƟons 
that could lead to the development of novel vaccines or therapies against T. gondii 
infecƟon.3.1.3 Organoids as a disease model for enteric infecƟons 
Although intesƟnal organoids provide a more suitable disease model of the 
intesƟnal epithelium, not many infecƟon studies have been carried out. This may be 
due to the difficulƟes in infecƟng organoids through the apical surface since they 
retain an enclosed lumen. Nevertheless, infecƟons have been carried out with 
bacteria, viruses, and more recently parasites with methods of infecƟon including 
microinjecƟons into the luminal space, and incubaƟon of pathogen with organoids 
in soluƟon before culture. The relevance of organoids as an infecƟon model was 
established in early studies with Salmonella enterica serovar Typhimurium in 
murine organoids (Zhang et al., 2014). Infected organoids had disrupted Ɵght 
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juncƟons, iniƟaƟon of inflammatory responses through NF-κB signalling, and a 
reducƟon in stem cell markers that also occurs during in vivo infecƟons. This model 
has since been translated into human organoids, whereby the microinjecƟons of 
Salmonella induced increased organoid expression of IL-8, IL1B, IL23A, and TNF 
(Forbester et al., 2015). MicroinjecƟons of Clostridium difficile into the lumen of 
human organoids also resulted in the loss of barrier integrity (Leslie et al., 2015). 
Organoids have been important in modelling rotavirus infecƟons that have 
otherwise relied on inappropriate monolayer systems that provide inconsistent 
results and difficulƟes in replicaƟng human rotaviruses. Organoids support human 
rotavirus infecƟon and replicaƟon, and resemble the reduced sensiƟvity to anƟvirals 
and increased fluid secreƟon observed in vivo (Yin et al., 2015; Saxena et al., 2016). 
To date, the only parasite used in organoid infecƟon models is Cryptosporidium 
parvum (C. parvum) that were added to murine crypts in soluƟon for 30 minutes at 
37°C before culture (Zhang et al., 2016), and microinjected into the lumen of 
organoids (Heo et al., 2018). C. parvum completed its life cycle within organoids and 
resulted in the decrease in organoid propagaƟon through the downregulaƟon of 
stem cell markers, adding further insight into Cryptosporidiosis.  Organoids have 
been used for T. gondii infecƟons, however this was only briefly menƟoned with no 
results acquired (Klotz, Aebischer and Seeber, 2012). These studies have established 
the suitability of organoids as an infecƟous disease model.  
Organoids would be a suitable model to characterise the virulence of T. gondii 
types. Type I T. gondii are known to be highly virulent, able to cross cellular barriers, 
and are more moƟle than types II and III which are less virulent and sƟmulate 
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stronger immune responses in hosts hindering their disseminaƟon and pathology 
(Barragan and Sibley, 2002). Due to their increased virulence, the type I RH strain of 
T. gondii was used to prove infecƟon of organoids, with type II Pru strain 
subsequently used to opƟmise infecƟon rates since they do not express a long 
distance migratory phenotype unlike Type I RH. Therefore, rather than migrate 
between epithelial cells, type II Pru are more likely to invade cells. Since organoids 
are the most relevant model of the small intesƟnal epithelium for studying early 
infecƟon events and their use to model T. gondii may elucidate the important 
features of host-pathogen interacƟons at early stages of infecƟon. The aim of this 
study was to develop intesƟnal organoids as a high throughput model of infecƟon 
for T. gondii. Using this model, interacƟons between host cells and parasites can be 
assessed using fluorescence microscopy and in real Ɵme. This may reveal previously 
unknown features of the host-parasite dialogue.  
Aims: Generate a high throughput infecƟon protocol of intesƟnal organoids with T. 
gondii 
ObjecƟves: 
a) Generate a protocol that maximises infecƟon of organoids with T. gondii 
b) Validate that organoids contain intracellular parasites 
c) Assess infecƟon rates and organoid cell exposure to T. gondii over a period 
of Ɵme 
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3.2 Methods 
3.2.1 Small intesƟnal organoid culture 
Small intesƟnal organoids were developed as previously from C57B1/6 mice and 
ROSAmT/mG mice (Chapter 2.2, page 96).  Crypts were cultured in Matrigel diluted to 
70% with IntesƟCult. These were plated onto coverslips in a 48 well plate at 300 
crypts/30µl aliquots or a 24 well plate at 500 crypts/50µl. The Matrigel was allowed 
to set for 20-30 minutes at 37°C before the addiƟon of IntesƟCult mouse basal 
medium with 1% P/S and incubated at 37°C, 5% CO2. 
Every 7 days the organoids were passaged by resuspending in PBS, passing through 
a 27G needle and centrifuging at 200g for 5 minutes. Matrigel with IntesƟCult 
mouse basal medium was added and plated as above. 
3.2.2 Staining of organoid cultures 
Organoid cultures were fixed at days 5-7 in 4% PFA soluƟon for 30 minutes at room 
temperature. Organoids were stained as described above (Chapter 2.6, page 100) 
with the following primary anƟbodies: mouse anƟ-villin, rabbit anƟ-Chromogranin 
A, mouse anƟ-Mucin-2, rabbit anƟ-E-cadherin, and mouse anƟ-lysozyme (Abcam). 
Secondary anƟbodies included anƟ-rabbit FITC and anƟ-mouse AF488. Phalloidin-
AF647 was used to label F-acƟn. Stained samples were mounted in Hydromount 
soluƟon onto rubber O-rings with 1mm depth to prevent compression. 
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3.2.3 Toxoplasma gondii culture and purificaƟon 
Three strains of T. gondii were cultured in Vero cells: RH, Pru-GFP, and Pru-
tdTomato-Cre, as described above (chapter 2.4, page 98). Parasites were passaged 
upon egress of cells by scraping the culture and passing through a blunt end needle. 
Parasites were added onto 4x105 Vero cells cultured for 24h in a 25cm2 culture flask 
in DMEM supplemented with 10% FCS, 1% P/S. T. gondii were purified before 
infecƟng organoids, using PD-10 desalƟng column. Briefly, parasite cultures were 
scraped and passed through a blunt end needle to break open cells and release the 
parasite. The soluƟon was added to a PD-10 column and rinsed with PBS.  
3.2.4 Organoid infecƟon with Toxoplasma gondii through passage 
Organoids were removed from Matrigel by disrupƟon with PBS. AŌer centrifuging at 
300xg for 5 minutes, purified T. gondii were added to organoids in a low volume of 
media. The organoids were pipeƩed to break them open and expose the luminal 
surface for infecƟon, then incubated at 37°C for the Ɵmes specified. For 
opƟmisaƟon of infecƟon protocols, differing parasite densiƟes per infecƟon sample 
were used, and a short centrifugaƟon step of 2000rpm for 1 minute added before 
incubaƟon and culture in Matrigel, as previously described.  
3.2.5 Infected organoid fixing and staining 
Infected organoid samples were fixed in 4% PFA for 30 minutes at room 
temperature. Samples were stained as described above (Chapter 2.6, page 100). 
Primary anƟbodies included rabbit anƟ-E-cadherin, rabbit anƟ-GRA7 and mouse 
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anƟ-SAG1 (TP3). Secondary anƟbodies were anƟ-rabbit TRITC, anƟ-mouse AF488. F-
acƟn was stained using Phalloidin AF647, and Phalloidin-rhodamine. Confocal z-
stack images were acquired using an 880 confocal microscope (Zeiss) with a 40x 
water immersion objecƟve. All samples were analysed using Imaris soŌware 
(Bitplane) as described above for quanƟficaƟon of infected parasites (Chapter 2.7, 
page 104).  
All fixed images were acquired at the CCI using Zen Black soŌware (Zeiss) on a Zeiss 
LSM880 mulƟphoton upright confocal microscope with Airyscan and laser lines 
Diode (405nm), Argon (488nm), DPSS-5610 (561nm) and HeNe633 (633nm) 
3.2.6 Live imaging of infected organoids 
Organoids from ROSAmT/mG mice were infected with T. gondii Pru-tdTomato-Cre and 
cocultured with BM-derived gut-like DCs in Matrigel (Chapter 2.10, page 110). Time-
lapse images of z-stacks were acquired over a 1-hour period at 2-minute 40-second 
intervals using the LSM 880 MP confocal microscope with Airyscan (Zeiss) and the 2-
photon Chameleon laser was set to 920 nm. Emission light was separated with 490 
or 555 dichroics. Bandpass filters 525/25 and 590/20 M were used to minimise 
spectral overlap. Images were analysed using Imaris (Bitplane) soŌware (chapter 
2.10.3, page 111).  
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3.3 Results 
3.3.1 Crypts from the small intesƟne of mice give rise to 3D organoid cultures of the 
small intesƟnal epithelium 
IntesƟnal organoids have been previously developed through the isolaƟon and 
culture of crypt structures from the small intesƟnal epithelium (Sato et al., 2009). 
The generaƟon of organoids was to be established in our laboratory, followed by 
validaƟon of their suitability for infecƟon models based on cell composiƟon, 
polarisaƟon and suscepƟbility to infecƟon with T. gondii. The jejunum of C57Bl/6 
mice were isolated and washed in EDTA to remove epithelial cells. The fracƟon with 
the greatest density of crypt structures was used. Crypts were evident by their 
finger-like projecƟons with dark granules at the Ɵp, represenƟng Paneth cells 
(Figure 10, Day 0). Crypts were cultured in Matrigel with IntesƟCult medium that 
contained the growth factors R-spondin, Noggin, and EGF, and over the course of 7 
days can be seen expanding and proliferaƟng to produce bud-like structures (Figure 
10, white arrows) around a central enclosed lumen (Figure 10, black arrows). AŌer 7 
days in culture, organoids were passaged by passing through a needle to break up 
the organoids and resuspended in Matrigel with growth medium.  
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Figure 10. Crypts from the small intesƟne of mice give rise to 3D organoid cultures of the small intesƟnal 
epithelium 
Crypts were isolated from the jejunum of C57Bl/6 mice and cultured in Matrigel with growth medium for 7 days 
before passage. Images show development of organoids over a 7-day culture period. Crypts are seen to round 
up (D1) and proliferate to produce bud-like structures (white arrows) around an enclosed central lumen (black 
arrows). On day 7, organoids are passaged to produce cultures with similar morphology to day 1 organoids. 
Scale bar: 200µm 
3.3.2 Organoids contain differenƟated cells of the small intesƟnal epithelium 
In order to be a useful model of infecƟon, organoids should be appropriately 
polarised, and possess an array of major epithelial cell types involved in host 
defence. To verify the development of suitable intesƟnal organoid cultures, 
organoids from C57Bl/6 mice were assessed for all the differenƟated cell types of 
the small intesƟnal epithelium, and markers of polarisaƟon. Organoids were stained 
with anƟbodies to Lysozyme (Paneth Cells), Chromogranin A (enteroendocrine cells) 
and Muc2 (Goblet cells).  F-acƟn and DAPI staining were used to idenƟfy epithelial 
cell membranes and nuclei, respecƟvely (Figure 11). Enteroendocrine cells, goblet 
cells and Paneth cells were all observed in organoid cultures (Figure 11). Goblet cells 
appeared along both bud-like structures of organoids and amongst cells 
surrounding the lumen. Enteroendocrine cells were observed within bud-like 
structures along with Paneth cells. The localisaƟon of Paneth cells to bud-like 
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structures indicates that these are similar to the crypt structures present in the 
intesƟnal epithelium where Lgr5+ stem cells and Paneth cells reside.  
 
Figure 11. Small intesƟnal organoids contain differenƟated cell types of the small intesƟnal epithelium.  
Organoids were cultured for 7 days, fixed with 4% PFA and stained with anƟbodies to markers of various 
differenƟated cell types of the small intesƟnal epithelium. Confocal images of small intesƟnal organoids stained 
with Phalloidin-AF647 (F-acƟn, magenta), DAPI (nuclei, blue) and (A) anƟ-Mucin2 (Goblet cells, green) (B) anƟ- 
Chromogranin A (enteroendocrine cells, green) or (C) anƟ-Lysozyme (Paneth cells, green). Scale bar: 50µm 
3.3.3 Organoids are composed of a polarised epithelium 
The small intesƟnal epithelium is polarised containing different receptors at 
different densiƟes between the apical and basal surfaces, therefore differing in 
funcƟon. To assess polarisaƟon of the organoid epithelium, organoids were stained 
for E-Cadherin, F-acƟn, and villin. Villin is present on brush border of the small 
intesƟnal epithelium only on the apical side, facing the lumen. The brush border 
was observed by villin staining within organoids, although very weak, that indicate 
the apical surface of enterocytes (Figure 12A). E-cadherin is involved in the 
formaƟon of adherens juncƟons that is prevalent along the basolateral surface of 
the small intesƟnal epithelium, while F-acƟn is concentrated at the apical surface.  
Staining of organoids with these markers clearly shows polarisaƟon with E-cadherin 
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strongly associated with the basolateral surface and F-acƟn at the apical surface 
(Figure 12B).  
These results show that organoids containing polarised, differenƟated intesƟnal 
epithelial cells were successfully cultured in our laboratory and therefore provide a 
suitable model of the small intesƟnal epithelium for enteric infecƟons. 
 
Figure 12. Organoids are composed of polarised cells.  
Organoids were fixed in 4% PFA and labelled for Phalloidin-AF647 (F-acƟn, magenta) and anƟbodies to 
determine polarity of organoid cells. A, Organoids were stained with Phalloidin-AF647 (F-acƟn, magenta) and 
anƟ-villin (brush border, green). Scale bar 50µm. B, Organoids were stained with anƟ-E-Cadherin (red) and 
Phalloidin-AF647 (F-acƟn, magenta) to determine polarisaƟon and images were acquired by confocal 
microscopy. Images show cross-secƟon of a z-stack image. Scale bar: 20µm 
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3.3.4 IncubaƟng organoids with T. gondii in suspension prior to culture in Matrigel 
improves the infecƟon rate 
In preliminary experiments that aimed to infect organoids with T. gondii, parasites 
were added to the Matrigel of organoid cultures, but no producƟve infecƟon was 
observed. This may have been due to the parasite being unable to migrate through 
the Matrigel, or due to a preference for invasion at the inaccessible luminal surface 
of the organoid. Therefore, organoids were removed from Matrigel using PBS, 
disrupted by pipeƫng to expose the luminal surface, and incubated with T. gondii at 
37°C for 1 hour before re-embedding in Matrigel. In preliminary experiments using 
the RH strain successful invasion was observed, but only for a very small proporƟon 
of the parasites added to the culture (data not shown). This would make it 
challenging to detect host responses to the parasite in organoid cultures. Therefore, 
opƟmisaƟon of infecƟon rates of organoids with T. gondii was carried out. 
An infecƟon assay was carried out to opƟmise a method to provide high infecƟon 
rates of organoids with T. gondii. For these experiments we employed a GFP-
expressing strain of T. gondii Pru since they do not express a long-distance 
migratory phenotype unlike Type I RH. Therefore, rather than migrate between 
epithelial cells, type II Pru are more likely to invade cells. Two densiƟes of parasites 
were used, as well as an opƟonal short centrifuge step before incubaƟng at 37°C for 
either 30 minutes or 1 hour. Samples were then cultured for 4 hours to allow full 
invasion of parasites and organoid restoraƟon before fixing, staining, and imaging 
by confocal microscopy (Figure 13). Images were analysed as cross-secƟons using 
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Imaris soŌware whereby successful invasion of the organoid epithelium was 
considered to have taken place when a parasite was completely surrounded by F-
acƟn staining of the host cell.  
 
Figure 13. SchemaƟc of the opƟmisaƟon protocol for increasing the infecƟon rate of T. gondii in organoids.  
Organoids were infected with either 106 or 107 T. gondii Pru-GFP, with or without a short spin at 2000rpm for 1 
minute. Samples were incubated for either 30m or 1h before culture in Matrigel and growth medium for 4h. 
Samples were fixed with 4% PFA for 30m, stained and imaged by confocal microscopy. 
Keeping the suspension volumes of organoids and T. gondii low for incubaƟons 
during infecƟon was important in improving infecƟon rates, as this ensured close 
contact between the parasite and organoid. AŌer some preliminary aƩempts at 
infecƟon, parasite densiƟes of 106 and 107 T. gondii were suspended in a total 
volume of 50µl with organoids (2x107/ml and 2x108/ml, respecƟvely). During these 
preliminary experiments, the longest incubaƟon Ɵme was 2 hours. However, 
organoid viability was compromised aŌer 2 hours in soluƟon, therefore incubaƟon 
Ɵme was reduced to a maximum of 1 hour. The organoid and T. gondii suspensions 
were pipeƩed vigorously to open the organoids to expose the luminal surface to 
infecƟon. In general, 107 parasites incubated for 1 hour with organoids provided a 
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greater infecƟon rate compared to 106 parasites that were consistently low over all 
condiƟons (Figure 14A). The short spin prior to incubaƟons could have aided in 
increasing contact between parasite and organoid, however no difference was seen 
in infecƟon rates between the two condiƟons (Figure 14). Increasing the incubaƟon 
Ɵme from 30m to 1h increased the infecƟon rate of organoids only in samples with 
107 parasites, although this was not staƟsƟcally significant (Figure 14A). The 
parasite density of 107 per sample at 1h incubaƟon provided the opƟmum infecƟon 
rate, with following experiments using this condiƟon without a short spin since this 
provided less variability.  
 
Figure 14. Organoids incubated with 107 T. gondii for one hour provides the best infecƟon rate 
Organoids were removed from Matrigel by disrupƟon with PBS. T. gondii Pru-GFP were added to organoid 
samples at a density of 106 or 107 parasites per 50µl. Some samples were centrifuged for 1m at 2000rpm, and all 
samples were incubated for 30m or 1h at 37°C. AŌer incubaƟon, samples were cultured in Matrigel and growth 
medium for 4h before fixing and staining for confocal imaging. A, organoids were assessed for infecƟons using 
Imaris soŌware and quanƟfied. Graph depicts the number of infecƟon events per µm3 of organoid as defined by 
the presence of a parasite enclosed within host cell f-acƟn staining.  B, a cross-secƟon of a z-stack image of an 
infected organoid with 107 parasites incubated for 1h. Enlarged secƟon clearly shows parasites within organoid 
cells (white arrows). Scale bar 30µm. Graph represents pooled data from of 3 independent experiments, 2 
samples per condiƟon with triplicate measurements in each sample, showing mean +/- SEM. **P <0.005, ***P 
<0.0005. Two-way ANOVA with Tukey’s mean comparisons test. 
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3.3.5 DisrupƟng organoids through pipeƫng successfully opens the luminal surface 
to infecƟon 
This method of infecƟon uƟlises a vigorous pipeƫng acƟon to break open the 
organoids and expose the luminal surface for infecƟon. Live imaging of infected 
organoids verified the presence of live and moƟle T. gondii within organoid lumen 
(Figure 15). Although not limiƟng infecƟon to the luminal surface, this method does 
allow for infecƟon through this route. 
 
Figure 15. InfecƟon protocol introduces live T. gondii to the luminal surface of organoids. 
Organoids from ROSA mT/mG mice were infected with T. gondii Pru-tdTom-Cre for 24h and Ɵme-lapse imaging by 
2-photon microscopy. Live and moƟle T. gondii were present within the organoid lumen (white arrows). DoƩed 
line represents luminal surface. Scale bar 10µm 
3.3.6 Use of Toxoplasma gondii-cre confirms producƟve infecƟon of epithelial cells 
AŌer invasion of a cell T. gondii establishes a parasitophorous vacuole (PV) in which 
it resides and replicate. FormaƟon of the PV is influenced by the secreƟon of 
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parasite proteins from micronemes and rhoptries upon invasion, some of which 
enter the host cell cytosol. Therefore, the detecƟon of rhoptry proteins (for 
example, toxofilin) within organoid cells would verify successful infecƟon by T. 
gondii. ROSAmT/mG mice consƟtuƟvely express membrane tdTomato in all cells, but 
when exposed to Cre recombinase the tdTomato gene is cleaved and eGFP is 
expressed in its place (Figure 17A). Organoids derived from these mice were 
infected with a geneƟcally modified T. gondii line, which expresses a toxofilin-cre 
fusion protein, that is released into host cells upon invasion. Infected cells of 
ROSAmT/mG organoids should therefore express eGFP. This would confirm producƟve 
infecƟon, rather than paracellular migraƟon or aƩachment to the organoid surface. 
Previous studies using this reporter strain of T. gondii revealed possible 
communicaƟon between infected cells and neighbouring cells, as well as sites of Cre 
exposure without T. gondii infecƟon  (Koshy et al., 2012). Using this reporter strain 
of T. gondii with ROSAmT/mG organoids would add further support to these studies 
within a relevant model of the intesƟnal epithelium. 
ROSAmT/mG organoids were infected with T. gondii Pru-tdTom-Cre as described in 
the opƟmised protocol and cultured for 24, 48, and 72 hours. Confocal microscopy 
was used to obtain z-stack images of infected samples and analysed using Imaris 
soŌware. Since both parasite and epithelium fluorescence were in the same 
channel, in iniƟal experiments parasites were labelled with an anƟbody, TP3, to 
validate that the bright tdTomato expression was derived from T. gondii (Figure 16). 
Culture of infecƟons over 72h showed sites of T. gondii replicaƟon as determined by 
large clusters of parasites and as roseƩes characterisƟc of T. gondii replicaƟon 
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(Figure 16). ReplicaƟon of T. gondii in organoids represents the formaƟon of a 
funcƟoning PV which displays evidence that organoids provide a suitable 
environment for natural T. gondii behaviour. Many extracellular parasites stained 
for the surface anƟgen TP3 but did not fluoresce suggesƟng that extracellular 
parasites perished over this Ɵmecourse (Figure 16).  
 
Figure 16. T. gondii replicate within organoid cells 
ROSAmT/mG organoids were infected with T. gondii Pru-tdTom-Cre and incubated for 72h before fixing and 
staining for TP3. Z-stack images were acquired by confocal microscopy and analysed using Imaris. Sites of 
replicaƟon were observed as large clusters of parasites expressing TP3 and within eGFP+ cells. Scale bar: 10µm 
Infected organoids showed eGFP+ cells (Figure 17C and D). InfecƟons were 
quanƟfied by idenƟfying parasites using the “spots” funcƟon in Imaris, and manual 
deleƟon of T. gondii spots outside of the area covered by organoid fluorescence. 
Intracellular parasites were then manually assessed using cross-secƟons to confirm 
“spot” counts. Organoid volumes were calculated using the “surfaces” funcƟon, 
with eGFP+ cell expression counted manually, and eGFP volume quanƟfied also 
using the “surfaces” funcƟon. With these values infecƟon rates were determined as 
intracellular parasites per organoid volume (µm3), eGFP+ cells per organoid volume 
(µm3), and proporƟon of infected eGFP+ cells per total eGFP+ cells were calculated 
(Figure 17E). The infecƟon rate of organoids increased over the 72h, however no 
increase was seen between 24h and 48h.  
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The proporƟon of eGFP+ cell volume per organoid volume increased between 24 
and 48 hours, suggesƟng some lag Ɵme for the effects of Cre recombinase to take 
effect since infected cells that did not express eGFP were observed at 24h. The 
proporƟon of infected eGFP+ cells to total eGFP+ cells dropped between 24 and 48h, 
signifying that eGFP expression increased in cells that were not infected. There are 
2 possible reasons for an increase in uninfected eGFP+ cells. Firstly, the division of 
infected eGFP-switched cells would result in both cells expressing eGFP with one 
daughter cell inheriƟng the PV. This is likely for clusters of uninfected eGFP+ cells 
surrounding an infected eGFP+ cell (Figure 18). Secondly, the secreƟon of Cre and 
other effectors into cells that the parasite did not subsequently invade would 
induce eGFP expression. This may explain the occurrence of eGFP+ cells that are not 
closely associated with sites of infecƟon (Figure 20). The migraƟon of divided eGFP+ 
cells from infecƟons sites is an unlikely explanaƟon of the occurrence of uninfected, 
isolated (U-I) eGFP+ cells since lineage tracing experiments of the small intesƟnal 
epithelium in vivo show clonal expansion of epithelial cells up the crypt-villus axis 
(Snippert et al., 2010). Also, these U-I eGFP+ cells were observed in studies using a 
reporter line of fibroblasts which are immoƟle, indicaƟng that the occurrence of 
these eGFP+ cells is likely derived from aborted invasion of T. gondii that secrete 
effectors into the cells (Koshy et al., 2012).  This reporter model provides an 
interesƟng iniƟal insight into the possible effects of T. gondii on intesƟnal epithelial 
cells that should be explored further.  
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Figure 17. T. gondii successfully infects organoids.  
ROSAmT/mG organoids were infected with T. gondii Pru-tdTom-Cre and incubated for 24, 48, and 72h before 
fixing and imaged using fluorescence confocal microscopy. A, cells from ROSAmT/mG mice express tdTomato 
fluorescence and upon exposure to Cre recombinase enzyme the tdTomato gene is cleaved allowing for the 
expression of eGFP. SchemaƟc of organoids from ROSAmT/mG mice that fluoresce under tdTomato and upon 
infecƟon with Cre-expressing T. gondii, infected cells should express eGFP. B, uninfected organoid show no 
eGFP expression aŌer 72h. C, z-stack images taken using confocal microscopy shows organoids infected with T. 
gondii Pru-tdTom-Cre, with infected cells expressing eGFP. D, opƟcal secƟons of infected organoids showing T. 
gondii within organoid cells (white arrow) and uninfected Cre-exposed eGFP+ cells (blue arrow). E, bar charts 
showing volume of eGFP-expressing cells per organoid volume, intracellular parasites per organoid volume, and 
proporƟon of infected eGFP+ cells per total eGFP+ cells. Bar char represents pooled data from 2 independent 
experiments, 2 samples per condiƟon with 3 replicate measurements from each sample. Mean +/- SEM. Single 
samples per Ɵme point, 3 images acquired from each sample. Scale bar: 20µm. 
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Figure 18. Uninfected organoids neighbouring infected eGFP+ cells also express eGFP.  
ROSAmT/mG organoids were infected with T. gondii Pru-tdTom-Cre and incubated for 48h before fixing and 
imaged using fluorescence confocal microscopy. Ai and ii, show cross secƟons of infected cells (white arrows) 
surrounded by neighbouring uninfected eGFP+ cells (blue arrow). B, z-stack image of A. Scale bar 15µm 
It was evident that not all infected cells expressed eGFP. This is more apparent at 
early Ɵmepoints aŌer infecƟon that may suggest a Ɵme lag for the effects of Cre on 
the cells’ genes (Figure 17B). However, infected cells that do not express eGFP are 
also evident at the later Ɵmepoints even within cells containing replicaƟng parasites 
(Figure 19).  
 
Figure 19. Some epithelial cells containing replicaƟng T. gondii do not express eGFP  
ROSAmT/mG organoids were infected with T. gondii Pru-tdTom-Cre and incubated for 48h before fixing and 
imaged using fluorescence confocal microscopy. Z-stack images were obtained, and images analysed using 
Imaris. Clusters of T. gondii represent parasite replicaƟon. Organoid cells containing clusters of T. gondii failed 
to express eGFP (white arrows). Scale bar: 15μm 
3.3.7 Organoid cells express eGFP distant to sites of infecƟon 
It has been suggested that T. gondii performs aborted aƩempts of invasion whereby 
effector proteins are secreted into the cytosol of cells that the parasite does not 
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successfully invade (Koshy et al., 2012). The organoid reporter model here also 
indicates that failed aƩempts of invasion occurs as evidenced in eGFP+ cells that are 
uninfected and do not neighbour infected cells, rather they are located a distance 
from any site of infecƟon (Figure 20). This may suggest secreƟon of toxofilin-cre into 
the host cell cytosol during an aborted invasion aƩempt, causing the host cell to 
switch to eGFP expression. 
 
Figure 20. Uninfected organoid cells expressing eGFP were distantly located from sites of T. gondii infecƟon. 
ROSAmT/mG organoids were infected with T. gondii Pru-tdTom-Cre and incubated for 24 before fixing and imaged 
using fluorescence confocal microscopy. A, shows cross secƟons of infected organoid with uninfected eGFP+ 
cells (white arrows) distantly located from sites of infecƟon (blue arrow). Scale bar 30µm. B, z-stack image of 
infected organoid showing uninfected eGFP+ cells (white arrows) that were not closely associated with sites of 
infecƟon (blue arrows). Scale bar 15µm 
3.3.8 Infected epithelial cells are expelled into the lumen of organoids 
ROSAmT/mG organoids infected with T. gondii Pru-tdTom-Cre for 24 hours were 
imaged using 2-photon microscopy over a period of 1h. Within a certain Ɵme-lapse 
image, an infected eGFP+ cell was observed being expelled into the lumen of the 
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organoid sƟll containing the parasite (Figure 21, Movie S1). This could represent a 
possible reason why viable tachyzoites are seen within the lumen of orally infected 
mice up to 6 days post infecƟon, which ulƟmately leads to the spread of T. gondii in 
the small intesƟne and increased infecƟon rates over Ɵme (Coombes et al., 2013; 
Gregg et al., 2013). This may also represent normal epithelial shedding, or a specific 
host defence mechanism against infecƟon, however this has not been documented 
or visualised in T. gondii infecƟons.  
 
Figure 21. Organoid cells infected with T. gondii are expelled into the lumen  
Organoids from ROSA mT/mG mice were infected with T. gondii Pru-tdTom-Cre for 24h and Ɵme-lapse imaging by 
2-photon microscopy. Infected cells that are also eGFP+ (white arrow) were observed being expelled into the 
lumen of organoids (doƩed line). Corresponding live image in Movie S1. Scale bar: 10µm 
An eGFP+ cell was also expelled into the lumen of an organoid shortly aŌer the 
parasite was observed exiƟng the cell (Figure 22, Movie S2). The egressed parasite 
remained within the epithelium with the expelled eGFP+ cell observed within the 
lumen. This process may contribute to the spread of T. gondii within the small 
intesƟnal epithelium. 
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Figure 22. Organoid cells infected with T. gondii are expelled into the lumen, with the parasite remaining 
within the epithelium 
Organoids from ROSA mT/mG mice were infected with T. gondii Pru-tdTom-Cre for 24h before adding gut-like DCs 
and Ɵme-lapse imaging by 2-photon microscopy. Images represent cross-secƟons of an infected sample with 
corresponding XZ and YZ planes as indicated. An infected cell expressing eGFP is marked with white arrows. 
Over Ɵme, the parasite leaves the eGFP+ cell (blue arrows) that is subsequently expelled into the lumen. The 
parasite remains within the organoid epithelium as seen at 24m (blue arrow). Scale bar 15µm. Whole image 
viewed in Movie S2 
3.3.9 T. gondii travel along the paracellular route in organoid infecƟons 
The route of transepithelial migraƟon of T. gondii has been proposed to involve 
both paracellular and intracellular routes (Barragan and Sibley, 2002; Barragan, 
Brossier and Sibley, 2005; Weight and Carding, 2012). It is uncertain which is 
primarily involved in parasite disseminaƟon, and with the new ability to infect 
organoids with T. gondii this model may resolve these uncertainƟes. T. gondii Pru-
tdTom-Cre were used to infect ROSAmT/mG organoids and live images acquired aŌer 
24h of infecƟon. Extracellular T. gondii were seen on the surface of organoids with 
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low moƟlity, whereas other parasites were observed within the epithelial layer 
between cells (Figure 23). ROSAmT/mG organoids express tdTomato at their cell 
membrane, therefore T. gondii located at these fluorescent lines are likely between 
cells. The parasite can be observed migraƟng along lines of epithelial fluorescence, 
moving towards the lumen. This is the first indicaƟon of T. gondii migraƟon in 
intesƟnal organoids, however this was seen from the basolateral surface which is 
not physiologically relevant. Ideally, techniques would be developed to restrict 
infecƟons to the luminal surface with live imaging providing very useful informaƟon 
on early interacƟons between T. gondii and the small intesƟnal epithelium. 
 
Figure 23. T. gondii migrate along epithelial surfaces between organoid cells 
ROSAmT/mG organoids infected with T. gondii Pru-tdTom-Cre were cultured for 24h. 2-photon microscopy 
provided z-stack images over a Ɵme-period of 1h. A, T. gondii was observed migraƟng along lines of epithelial 
cell surface fluorescence with doƩed lines represenƟng individual cells. B, Images show the tracks of the 
parasite moving towards the lumen. Scale bar 20µm 
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3.4 Discussion 
UnƟl now, infecƟon models of the small intesƟnal epithelium for T. gondii have 
mostly relied on monolayer cultures or animal models. These models are unsuitable 
for analysing early infecƟon events due to the lack of cellular diversity of monolayer 
cultures and difficulƟes in locaƟng rare foci of infecƟons within animal models. 
Organoids recapitulate the cellular diversity of the small intesƟnal epithelium in a 
similar architecture therefore represent a suitable model. In this study, organoids 
have been successfully infected with T. gondii, revealing characterisƟc features of 
parasite biology, such as paracellular migraƟon and the ability to alter the biology of 
host cells that they do not producƟvely invade. This model will be a useful tool for 
studying host-pathogen interacƟons during early stages of T. gondii infecƟons that 
would closely resemble in vivo infecƟons. 
Small intesƟnal organoids have been developed from isolated intesƟnal epithelial 
stem cells cultured in a basement membrane ECM and a cocktail of growth factors. 
These provide a polarised epithelium consisƟng of mulƟple differenƟated cell types 
in a 3D conformaƟon resembling the architecture of its in vivo counterpart (Sato 
and Clevers, 2013b). Organoids are a more suitable model for infecƟons than 
monolayer cultures and animal models but have only been used as such in a limited 
number of studies. These have mostly focused on bacteria such as Salmonella and 
viruses such as rotavirus but have not been fully developed for T. gondii. One study 
has confirmed infecƟon of organoids with T. gondii but did not expand any further 
(Klotz, Aebischer and Seeber, 2012). LiƩle is known about host-pathogen 
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interacƟons during early stages of infecƟon between T. gondii and the small 
intesƟnal epithelium, with current knowledge acquired using intesƟnal cell line 
cultures (Ju, Chockalingam and Leifer, 2009; Morampudi, Braun and D’Souza, 2011). 
Therefore, developing organoids as a model for early infecƟons of the small 
intesƟnal epithelium may elucidate further host-pathogen interacƟons that may be 
exploited to generate novel vaccines against T. gondii infecƟons. In this study, 
organoids were successfully infected with T. gondii through passage and incubaƟon 
before culture in Matrigel. Successful invasion was verified by the observaƟon of 
parasite replicaƟon within organoid cells and Cre-switched cells in the RosamT/mG 
model. Therefore, organoids can be used to model infecƟons of the intesƟnal 
epithelium with T. gondii.  
GeneƟcally engineered mice that express fluorescent proteins have been an 
important development for the advancement of imaging in vivo processes. 
CondiƟonal gene targeƟng using the recombinase system that target specific sites 
such as the Cre/loxP system is a powerful tool for studying gene funcƟon through 
the inversion, deleƟon, and translocaƟon of genes. ROSAmT/mG mice are dual 
fluorescent reporters that consƟtuƟvely express tdTomato at cell surfaces that, 
upon Cre recombinase exposure, is cleaved from the cell’s transgene to allow 
expression of eGFP (Muzumdar et al., 2007). Organoids were generated from the 
ROSAmT/mG reporter mouse for use with a Cre-secreƟng strain of T. gondii Pru. This 
strain of parasite secretes Cre recombinase under the toxofilin promoter, a rhoptry 
protein expressed into the host cell cytosol during cell invasion (Koshy et al., 2010). 
ROSAmT/mG organoids were infected with T. gondii Pru-tdTom-Cre as per opƟmised 
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infecƟon protocol and infected organoid cells expressed eGFP which confirms that 
T. gondii acƟvely invaded cells. InteresƟngly, some neighbouring uninfected cells 
also expressed eGFP. The presence of uninfected eGFP+ cells may derive from the 
division of eGFP+ cells or the release of effector proteins from an infected cell that 
acts locally on neighbouring cells. Since Cre-recombinase causes a permanent 
switch to eGFP, daughter cells will also express eGFP, with one daughter cell 
inheriƟng the PV. This cell division of infected eGFP+ cells was suggested in a similar 
model using fibroblast reporter cell line whereby an infected eGFP+ cell was 
observed to be dividing (Koshy et al., 2012). This could explain the presence of 
eGFP+ cells that surround infected cells. However, T. gondii can inhibit the 
proliferaƟon of infected cells (Wang and Gao, 2016), therefore uninfected eGFP+ 
cells that surround an infected eGFP+ cell may result from the transfer of parasite 
secreted factors from an infected cell. The transfer of T. gondii effector proteins to 
neighbouring cells have been proven in studies whereby cells also modulate the cell 
cycle of surrounding uninfected neighbouring cells, leaving them more suscepƟble 
to invasion (Lavine and Arrizabalaga, 2009). However, according to a study using the 
Cre secreƟng strain of T. gondii, this transfer of effector proteins is not expected to 
turn on eGFP expression (Koshy et al., 2012). Therefore, the presence of uninfected 
eGFP+ cells next to infected eGFP+ cells likely result from the division of infected 
cells producing daughter cells with eGFP expression. Throughout the Ɵme-lapse 
imaging in this study, no proliferaƟon of eGFP+ cells were observed, although the 
period of imaging was relaƟvely short. However, this organoid infecƟon model may 
elucidate these confounding ideas by using mulƟphoton imaging over a prolonged 
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period, allowing for live imaging of the inducƟon of eGFP expression in 
neighbouring cells, independently of cell division.  
Studies using the Cre-expressing strain of T. gondii have revealed the injecƟon of 
parasite factors into uninfected cells since eGFP expression was observed in 
uninfected cells that did not neighbour any sites of infecƟon (Koshy et al., 2012). It 
was hypothesised that these uninfected isolated (U-I) eGFP cells were invasion 
aƩempts by T. gondii, whereby rhoptry proteins were injected before the parasite 
moved on to another cell for invasion. Within our study, U-I eGFP+ cells that did not 
neighbour infected cells in organoids were also observed. The U-I eGFP+ cells may 
indicate a probing mechanism by T. gondii to evaluate suitability of host cell for 
invasion, suggesƟng possible cell selecƟon. A rhoptry protein, ROP16, secreted by T. 
gondii acƟvates STAT3 and STAT6 and decreases IL-12 producƟon in immune cells, 
which is required for opƟmal protecƟon against T. gondii infecƟon (Saeij et al., 
2007). Therefore, the injecƟon of mulƟple cells with effector proteins known to 
affect host cell behaviour may aid in decreasing the host defence against infecƟon. 
Another suggesƟon for the appearance of U-I eGFP+ cells could be the autophagy of 
T. gondii in infected cells. However, iniƟaƟon of autophagy relies on key inducers 
such as IFN-γ, thought to be indispensable in the resistance to T. gondii infecƟons 
(Burger et al., 2018). Also, autophagy was not observed during the live images of 
infected organoids, however the imaging period were relaƟvely short and would 
need to be extended to verify the source of uninfected eGFP+ cells. Deciphering 
whether T. gondii have a preference for the type of cell they infect, organoids can 
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be used to determine this by staining infected organoids for differenƟated cell 
types. 
With the reporter model for T. gondii infecƟons in organoids, infecƟons were 
quanƟfied over a 72-hour period determined by parasite number per organoid 
volume. InfecƟons maintained similar levels between 24 and 48 hours. T. gondii 
exhibit an exponenƟal growth rate in culture which suggests a reason for a higher 
infecƟon rate at 72 hours (Kaufman and Maloney, 1962). Egress of parasites into 
the lumen was evident in studies in animal models as single tachyzoites aŌer 3 and 
6 days infecƟon (Gregg et al., 2013). Egress and reinfecƟon may be a cause for the 
increased number of infected cells at 72 hours in infected organoids. Live imaging of 
organoids infected with T. gondii aŌer 24 hours have demonstrated the expulsion of 
an infected eGFP+ cell into the lumen of the organoid which could allow for 
reinfecƟon, presenƟng a possible mode for the intraluminal spread of the parasite. 
This may also present a host defence mechanism against infecƟon since the 
parasites did not egress rather the cell was expelled. T. gondii can suppress many 
apoptoƟc signalling pathways in the cells they infect (Graumann et al., 2015), 
however not all infected cells are prevented from acƟvaƟng programmed cell death 
and the intesƟnal epithelium is known to increase cell shedding during certain 
infecƟons. During Trichuris muris infecƟons in mice epithelial proliferaƟon and cell 
expulsion increases within the large intesƟne, indicaƟng a potenƟal mechanism of 
protecƟon against infecƟon (Cliffe et al., 2005). However, the small intesƟnal 
epithelium has a naturally very high turnover rate, with many cells being shed into 
the lumen at any one Ɵme. Uninfected organoids were also seen to expel cells 
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during the period of imaging, therefore the expulsion of infected eGFP+ cells may be 
a normal cell shedding event. To verify whether the expulsion of infected cells is a 
result of infecƟon or normal cell turnover, longer Ɵme-lapse images are required to 
quanƟfy the expelled cells. On a different occasion, an infected eGFP+ cell was 
expelled into the lumen shortly aŌer the parasite exited the cell and remained 
within the epithelium. Although parasite numbers did not increase between 24 and 
48 hours, the proporƟon of eGFP+ cells to the total number of infected cells 
decreased. Therefore, the egress of T. gondii from infected eGFP+ cells to within the 
epithelium may be an explanaƟon for the decreased proporƟon of eGFP+ cells to 
total infected cells. 
The route of transepithelial migraƟon of T. gondii across the small intesƟnal 
epithelium occurs via the paracellular or intracellular route and it is uncertain which 
is responsible for the disseminaƟon of the parasite and the relaƟve importance of 
moƟlity characterisƟcs between different strains (Barragan and Sibley, 2002; Weight 
and Carding, 2012; Gregg et al., 2013). Although mulƟphoton imaging is a powerful 
tool this has not been fully exploited for T. gondii infecƟons. T. gondii have been 
imaged residing at Ɵght juncƟons between epithelial cells of a monolayer culture 
using confocal microscopy of fixed samples (Barragan, Brossier and Sibley, 2005; 
Weight et al., 2015). Live imaging of T. gondii migraƟon has been reported in a cell 
line culture whereby the parasite travels the paracellular route (Weight et al., 
2015). Therefore, organoids derived from ROSAmT/mG mice provide a valuable tool 
for determining the primary route of epithelial barrier invasion by T. gondii. Infected 
organoids cultured for 24 hours and imaged using 2-photon microscopy already had 
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established infecƟons, therefore the observaƟon of new infecƟon events or 
transepithelial migraƟon would have been rare. However, on occasion parasites 
were observed on the basolateral surface of an organoid that proceeded to migrate 
toward the lumen between cells. Cells derived from this reporter mouse model 
express tdTomato at their cell surface, therefore parasite migraƟon along these 
fluorescent lines indicate paracellular migraƟon. Running this infecƟon model and 
imaging using a mulƟphoton microscope at earlier infecƟon Ɵmepoints will increase 
the observaƟon of infecƟon events and transmigraƟon and should be a 
consideraƟon for future experiments.  
The aim of this chapter was to develop organoids as an infecƟon model for T. 
gondii. Organoids can be infected with the parasite with expression of PV proteins 
and replicaƟon indicaƟng natural infecƟve behaviour. Organoids from the 
ROSAmT/mG mouse model and Cre-secreƟng strain of T. gondii provides a valuable 
model in visualising T. gondii influences on host cells and dynamics of host cell 
responses through cellular shedding and communicaƟon with uninfected 
neighbouring cells. Imaging this infecƟon model at earlier Ɵme points may provide 
further details on the route of infecƟon and transepithelial migraƟon of T. gondii. 
However, although organoids were disrupted to expose the luminal surface for 
infecƟon this method does not limit infecƟon to the luminal surface, the 
physiological route of infecƟon. RestricƟng infecƟons to the apical surface may 
render different responses and would more accurately represent T. gondii 
infecƟons in the small intesƟnal epithelium. Nonetheless, this infecƟon model 
provides a high throughput method of infecƟon that can be uƟlised for useful 
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funcƟonal analyses and live imaging for early infecƟon events of T. gondii to 
determine factors involved in infecƟon and host cell defence that can be exploited 
to develop novel drugs and vaccines against infecƟon. 
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Chapter 4: OpƟmising protocols for microinjecƟon of T. gondii into the lumen of 
intesƟnal organoids  
4.1 IntroducƟon 
The methods established in chapter 3 for infecƟng organoids with T. gondii involve 
disrupƟon of organoid integrity by vigorous pipeƫng to expose the luminal surface 
to infecƟon. This does not restrict infecƟon to the luminal surface but does offer a 
high throughput method of infecƟon for funcƟonal analyses. The small intesƟnal 
epithelium is polarised containing different TLRs at different densiƟes between the 
apical and basal surfaces. Therefore, infecƟon from one surface may incur differing 
responses than those from the other. A recent technique to develop a semi-
monolayer culture of organoid cells onto collagen sheets have been established that 
exposes the luminal surface for infecƟon (Luu L., 2017 PhD thesis, University of 
Liverpool) (Thorne et al., 2018). MicroinjecƟon techniques have already been 
established to inject bacteria and viruses into the lumen of organoids. Only during 
the wriƟng of this PhD dissertaƟon have methods been introduced to inject 
parasites into the organoid lumen (Heo et al., 2018). In our study, a microinjecƟon 
technique was opƟmised to inject T. gondii into the lumen of murine organoids for 
use as a relevant infecƟon model. 
4.1.1 Organoid models of infecƟon through the luminal surface 
The use of intesƟnal organoids as infecƟon models have also relied on 
microinjecƟons to insert pathogens into the otherwise enclosed lumen. These have 
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used bacteria and viruses and only very recently have parasites been injected 
(Wilson et al., 2014; Forbester et al., 2015; Leslie et al., 2015; Karve et al., 2017; 
Heo et al., 2018). These studies have elucidated funcƟonal roles in host-pathogen 
interacƟons such as host cell defence against pathogens through the producƟon of 
α-defensins by Paneth cells to prohibit bacterial growth (Wilson et al., 2014), 
disrupƟon of the epithelial barrier (Leslie et al., 2015), and producƟon of cytokines 
and chemokines for the recruitment of immune cells (Karve et al., 2017). However, 
organoids used for microinjecƟons mostly derive from human primary cells or those 
developed from induced pluripotent stem cell lines. Therefore, microinjecƟons have 
been well established in organoids derived from humans that have a much larger 
and more circular morphology to murine organoids, providing greater ease in 
microinjecƟon techniques due to their relaƟvely large lumen. Although a recent 
publicaƟon described microinjecƟons of C. parvum, an apicomplexan parasite of 
similar size to T. gondii, into human organoids, parasites have not been 
microinjected into murine organoids. In fact, murine organoids have been rarely 
used in this type of infecƟon technique. The morphology of organoids from other 
species such as mouse, porcine, and bovine would provide greater challenges in 
microinjecƟons due to their relaƟvely smaller size, non-spherical shape, and small 
lumen, but would be useful given all the geneƟc tools available in the murine 
system.  
InfecƟons of organoids through the luminal surface with T. gondii would provide a 
model that is relevant in small intesƟnal epithelial cell diversificaƟon with infecƟon 
through the physiological route. MicroinjecƟons of organoids with bacteria and 
Page | 153  
 
viruses have resembled natural infecƟon within the host, therefore microinjecƟons 
of T. gondii may be more representaƟve of that in vivo than current monolayer 
systems. Due to the relaƟvely small sizes of bacteria and viruses to parasites, the 
microneedles involved required a small bore size. Since T. gondii are relaƟvely large, 
approximately 3-6µm, the bore size would need to be substanƟally larger for 
microinjecƟons. As of conducƟng these experiments, no studies had been published 
on injecƟng parasites into organoids therefore opƟmisaƟons needed to be carried 
out to perform this technique using T. gondii.  
The aims of this chapter included the opƟmisaƟon of the producƟon of 
microneedles for effecƟve injecƟon of T. gondii into the lumen of organoids and to 
improve injecƟon techniques to increase efficiency and proficiency in reliably 
injecƟng numerous organoids in a sample. Following opƟmisaƟon of these 
parameters, imaging of organoids microinjected with T. gondii were to be carried 
out to prove that infecƟon occurs through this surface and to visualise infecƟon and 
transepithelial migraƟon of the parasite. 
Aim: Generate a method for microinjecƟng T. gondii into the luminal space of 
organoids 
ObjecƟves: 
a) Produce microneedles of appropriate size for microinjecƟng T. gondii 
b) Validate microinjected T. gondii invade organoid cells 
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c) Use live imaging approaches to confirm viability of injected parasites, and 
mechanism of invasion of the small intesƟnal epithelium 
4.2 Methods 
4.2.1 Small intesƟnal organoid culture 
Small intesƟnal organoids were developed as previously described from C57B1/6 
mice and ROSAmT/mG mice (Chapter 2.2, page 96).  Crypts were cultured in Matrigel 
diluted to 70% with IntesƟCult OGM mouse basal medium. These were plated onto 
24 well plates at 500 crypts/50µl. The Matrigel was allowed to set for 20-30 minutes 
at 37°C before the addiƟon of IntesƟCult with 1% P/S and incubated at 37°C, 5% 
CO2. 
Every 7 days the organoids were passaged by resuspending in PBS, passing through 
a 27G needle and centrifuging at 200g for 5 minutes. Matrigel with IntesƟCult was 
added and plated as above. For microinjecƟons, organoids were passaged on day 5 
without a needle onto a 3cm glass boƩom culture dish or a low-wall, 3cm, gridded 
culture dish (80156, ibidi) and incubated for 1 or 2 days before microinjecƟons. 
4.2.2 Toxoplasma gondii culture and purificaƟon 
T. gondii were maintained and purified as previously described (chapter 2.4, page 
98). The Pru-GFP and Pru-tdTom-Cre strains of T. gondii were used for organoid 
microinjecƟons. They were maintained by serial passage in monolayers of Vero cells 
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS and 
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1% P/S at 37°C, 5% CO2. Parasites were purified by passing through a blunt end 
needle and syringe followed by filtraƟon through a PD10 desalƟng column and 
centrifuged at 2000rpm for 10 minutes.  
4.2.3 OpƟmised microneedle producƟon 
The opƟmisaƟon of microneedle producƟon is described above (Chapter 2.8.1, page 
105) and in more detail in the results secƟon (Chapter 4.3, page 158). Thin-wall 
glass capillaries (TW100-4; World Precision Instruments) were pulled using a 
micropipeƩe puller (PC-10; Narishige) at 50°C with 355g of weight. Microneedle Ɵps 
were broken in glass-boƩom culture dishes to provide a bore size of 10µm.  
4.2.4 MicroinjecƟon of organoids with T. gondii  
Organoids were microinjected as described above (chapter 2.8, page 105). 
Organoids were removed from Matrigel using PBS and centrifuged at 200xg for 10 
minutes. Organoids were resuspended in 70% Matrigel (diluted with IntesƟCult 
mouse basal medium) on ice. These were plated as 40µl flat aliquots onto a 3cm 
glass boƩom dish or plasƟc, gridded culture dish and incubated at 37°C for 20 
minutes. IntesƟCult mouse basal medium was added and the culture incubated at 
37°, 5% CO2. Microneedles were loaded with either 2µm (L4530; Sigma Aldrich) or 
6µm (17156-2; Polysciences Europe) fluorescent microspheres, or with purified 
T.gondii Pru-GFP or T. gondii Pru-tdTom-Cre at 3-4x109/ml . The microneedles were 
loaded onto a microinjector system with an Eppendorf FemtoJet Microinjector used 
for injecƟons into organoids. Microneedles were lowered onto organoids and 
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moved laterally to pierce the organoid. InjecƟon pressures for T. gondii started at 
100hPa for 0.1s and pressure increased unƟl organoid was successfully injected. 
InjecƟons were analysed using an Epifluorescent microscope (Zeiss) and images 
acquired using ImageJ.  
4.2.6 Live imaging of infected organoids 
Organoids from ROSAmT/mG mice were microinjected with T. gondii Pru-tdTom-Cre 
under an epifluorescence microscope (chapter 2.8.3, page 106) and transported to 
a 2-photon microscope (Zeiss) for Ɵme-lapse imaging and analysed using Imaris 
(Bitplane) soŌware. The ‘spots’ funcƟon was used to track the GFP fluorescence of 
T. gondii over the Ɵme-lapse period. This provided measurements of track length, 
displacement and track speed. 
4.2.5 Fixing and confocal imaging of microinjected organoids 
MicroinjecƟons of ROSAmT/mG organoids with T. gondii Pru-tdTom-Cre were carried 
out on 9mm coverslips and subsequently cultured in a 48 well plate for 48h. 
Medium was removed from organoid samples and gently washed with PBS. Samples 
were fixed for 30 mins in 4% paraformaldehyde (PFA) at room temperature before 
gently washing again with PBS.  
A 7mm diameter 1mm thick O-ring glued to a glass slide with Hydromount 
(ScienƟfic Laboratory Supplies) pipeƩed into the O-ring was prepared. The organoid 
sample was inverted onto the Hydromount and allowed to dry at room 
temperature. Samples were stored at 4°C before imaging. 
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All fixed and live images were acquired at the CCI using Zen Black soŌware (Zeiss) 
on a Zeiss LSM880 mulƟphoton upright confocal microscope with the laser lines 
Diode (405nm), Argon (488nm), DPSS-5610 (561nm) and HeNe633 (633nm). 
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4.3 Results 
4.3.1 Microneedles must consist of a bore size of approximately 10µm for successful 
injecƟons of 6µm microspheres 
The main aim of this chapter was to develop a method of injecƟng T. gondii into the 
lumen of organoids. However, the relaƟvely large size of the parasite required 
opƟmisaƟons in many aspects of this technique, including the producƟon of 
microneedles of sufficient bore size to allow the parasite to pass through 
undamaged. We iniƟally produced microneedles using a pipeƩe puller at 60°C 
filament temperature and 225g of weight. These produced needles of inconsistent 
size that needed to be broken on the boƩom of a culture dish to increase bore size. 
If bore size was less than approximately 8µm, blockages were frequent (Figure 24A). 
However, increasing bore sizes to greater than 10µm increased the difficulƟes in 
controlling compensaƟon pressure within the needles. CompensaƟon pressure is 
used to prevent ouƞlow and backflow of microneedle contents and media when not 
injecƟng. Larger bore sizes also provided difficulƟes in piercing the organoid cell 
layer to enter the lumen (Figure 24B). Here, the needle pushes the organoid rather 
than pierces. On other occasions the large bore size can also cause more damage to 
the organoid whereby the organoid does not seal itself aŌer injecƟon. 
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Figure 24. Microneedles must have a bore size relevant to prevent blockages and to pierce the epithelial layer 
of organoids 
Glass capillaries were pulled using PC-10 Narishige machine with 60°C and 225g of weight. Microneedles were 
loaded with fluorescent microspheres and Ɵps were broken in the culture dish. A, Ɵps with a small bore size 
were prone to blockages (white arrow) and, B, Ɵps with too large a bore size were unable to pierce organoids. 
Scale bar: 100µm 
AŌer more aƩempts and improving proficiency in technique, microspheres of 6µm 
diameter were successfully injected into the lumen of bovine organoids grown by Dr 
Hayley DerricoƩ (InsƟtute of InfecƟon and Global Health, University of Liverpool) 
(Figure 25). Here, microneedles were produced using a higher weight of 355g and 
6µm microspheres were diluted 1/10 (2.1 x 107/ml). The needle was lowered into 
the Matrigel adjacent to the organoid. The needle was then inserted into the 
organoid through lateral movement unƟl the organoid was pierced and the needle 
Ɵp was in the lumen. The fluorescent microspheres were seen at the Ɵp of the 
needle (Figure 25A) and upon injecƟon at 50 hPa were seen within the organoid 
(Figure 25B and C). AŌer removal of the needle Ɵp from the organoid lumen, the 
organoid sealed and the microspheres remained within the lumen (Figure 25D). This 
was the first evidence that an object of similar size to T. gondii can be successfully 
injected into the lumen of organoids. However, following experiments were mostly 
unsuccessful, largely playing to the inconsistent microneedle producƟon and need 
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for accurate bore size. At this point, it was decided to opƟmise needle producƟon to 
develop consistent microneedles of approximately 10µm bore size. 
 
Figure 25. Microspheres of 6µm diameter can be microinjected into the lumen of organoids 
Glass capillaries were pulled using PC-10 Narishige machine with 60°C and 355g of weight. Microneedles were 
loaded with 6µm fluorescent microspheres and Ɵps were broken in the culture dish. A, the needle Ɵp pierced 
the bovine organoid to enter the lumen. Microspheres can be observed at the needle Ɵp (white arrow). B, 
microspheres (white arrows) enter the lumen aŌer injecƟon at 50hPa. C, fluorescence validates microsphere 
entry into the lumen and, D, aŌer removal of the microneedle from the organoid, microspheres remain within 
the lumen. Scale bar: 100µm 
4.3.2 Using an intricate microneedle pulling system does not improve microneedle 
producƟon 
Breaking microneedle Ɵps on the boƩom of culture dishes was undesirable as this 
did not produce consistent needle bore sizes and introduced foreign objects into 
culture. The opƟmisaƟon of a method to reliably produce microneedles with a bore 
size of 10µm was needed. The P2000 glass capillary pulling system (SuƩer 
Instruments) allows the control of a variety of features when producing 
microneedles. This instrument uƟlised a CO2 laser to produce heat with a scanning 
paƩern of the laser beam to supply heat to the glass, termed the “filament”. The 
“filament” funcƟon defines the distribuƟon of heat within a scanning length and 
rate of scan along the glass capillary. The “velocity” funcƟon specifies the velocity 
that the pull occurs at. The “delay” funcƟon controls the Ɵming of a hard pull once 
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the laser becomes deacƟvated. The “pull” funcƟon controls the force of the hard 
pull. Manufacturer’s suggesƟons for pulling borosilicate glass capillaries is set at 
250-500 WaƩs heat, 150-250 units of pull, and a delay of 200ms. VariaƟons in these 
funcƟons were aƩempted to produce needle bore sizes of approximately 10µm 
(Table 4). The microneedle bore sizes were either approximately 2-3µm or far larger 
at 50-200µm in size. Therefore, some of the finer needles were bevelled on a 
spinning graphite disc. Here, the microneedle is manually lowered at 25-30° angles 
onto the disc with speeds of 20-35rpm with water applied. The distance the 
microneedle is lowered onto the disc could not be standardised and was carried out 
visually, which led to variaƟons in microneedle producƟon as evidenced by the 
differing bore sizes (Table 4). Also, the graphite disc leŌ residue on the 
microneedles which is undesirable for use in cultures at it would leave graphite 
residue within organoid cultures aŌer use. Therefore, using a more intricate pulling 
system for producing microneedles of relevant size for T. gondii injecƟons was not 
adequate and this process required further opƟmisaƟon.  
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Table 4. P2000 glass capillary pulling system to produce microneedles resulted in inconsistent bore sizes.  
The P2000 glass capillary pulling system was used to produce microneedles by varying program parameters. 
Microneedles were visualised using a brighƞield microscope. Some microneedles were bevelled using a 
graphite spinning disc. H= heat (W), F=filament (mm), V=velocity, D=delay (ms), P=pull, Bore (µm) 
H F V D P Bore  Bevell  
250 3 25 150 150 1 
 
30° 
Speed 
20 
 
250 3 25 150 120 2 
 
30° 
speed 
35 
 
250 3 25 170 120 75 
 
  
250 3 25 160 120 2 
 
25° 
speed 
35 
 
 
250 3 25 170 110 50 
 
  
250 2 25 170 120 2 
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240 3 25 170 120 2 
 
  
240 3 25 170 110 50 
 
  
240 3 25 170 110 60 
 
  
240 3 25 170 120 60 
 
  
240 3 25 160 120 2 
 
  
240 3 25 160 110 3 
 
  
250 3 25 160 110 200  
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250 3 25 150 110 3 
 
  
 
4.3.3 Suitable microneedles can be produced using a simple pulling method 
Using the P2000 micropipeƩe pulling system did not provide suitable microneedles 
for further use. The intricacy also made it less favourable over the simpler PC-10 
pulling system. Therefore, opƟmisaƟons were carried out on this system. The aim 
was to produce microneedles with a shorter Ɵp length since this is where blockages 
usually occurred, therefore reducing the length would reduce the risk of blockages. 
Lower temperatures and higher weights applied during micropipeƩe pulling would 
accomplish this. Therefore, varying low temperatures and high weights were tested 
on the PC-10 pulling system to produce short needle Ɵps. The lowest temperature 
that could be used to pull these glass capillaries was determined to be 50°C. 
Microneedles were then loaded onto the microinjecƟon system and lowered into 
PBS in a glass-boƩom culture dish. These plasƟc dishes have glass glued to their 
base which allows a certain amount of dried glue to be exposed. The microneedle 
Ɵp was broken in the dish by inserƟng the Ɵp into the glue, moving the Ɵp back or 
forth to bend the Ɵp, then moving the Ɵp into the glue further unƟl breakage 
(Figure 26A and B). This was repeated unƟl a bore size of approximately 10µm was 
achieved. The differing heaƟng temperatures and weights showed variaƟons in 
needle Ɵp length (Figure 26C), with the Ɵp breakage technique allowing for the 
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consistent generaƟon of 10µm bore sizes. A low temperature of 50°C and high 
weight of 355g produced microneedles that were suitable for microinjecƟons based 
on their shorter Ɵp lengths and relevant bore size.  
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Figure 26. Producing microneedles of approximately 10um bore size is achieved through breaking pulled glass 
capillaries within a culture dish.  
Ai, sideways schemaƟc of a glass boƩom culture dish used to break microneedles, Aii, above view of culture 
dish. Here, the cover glass is glued to the boƩom of a 3cm plasƟc culture dish. The microneedle (produced by 
pulling glass capillaries) is lowered into the dish filled with PBS and is moved into the glue horizontally as shown 
in B. Once the Ɵp is in the glue (Bii) the microneedle is moved up or down, making the Ɵp bend (Biii). The 
microneedle is then moved towards the glue unƟl the Ɵp breaks (Biv). This is repeated unƟl an approximately 
10um bore length is achieved. C, Microneedle Ɵp length can be altered by adjusƟng the heat and weight during 
the pulling of glass capillaries. Images show needles produced from pulled glass capillaries using differing heat 
and weight and broken in a culture dish to produce an approximate bore size of 10um. Scale bars: 10um 
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4.3.4 OpƟmisaƟon of injecƟon pressure and injecƟon technique 
With the opƟmisaƟon of microneedle producƟon, blockages were much less 
frequent. To gain further experience in microinjecƟon techniques, Miss Emily Lees 
at the Wellcome Sanger InsƟtute, Cambridge (as part of Professor Gordon Dougan’s 
group) aided in improving the microinjecƟon technique of microspheres into 
murine organoids. A key difference noted between our methods were the injecƟon 
pressures used by this research group whereby 500-700hPa were used for their 
studies, a much greater quanƟty than injecƟon pressures of around 50hPa used 
here. With this in mind, subsequent experiments microinjecƟng T. gondii into 
murine organoids uƟlised increased injecƟon pressures. 
Through further aƩempts, an improved technique for piercing organoids was 
developed. Much more success was achieved through lowering the microneedle 
onto the organoid as opposed to lowering the needle adjacent to the organoid. This 
allowed for a much clearer visualisaƟon of depth. Then the microneedle was 
inserted into the lumen of the organoid through lateral movement. AŌer injecƟon, 
the microneedle was raised out of the organoid (Figure 27). This technique 
improved consistency in injecƟng organoids. 
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Figure 27. OpƟmising the piercing techniques of microneedles into organoid lumen increased efficiency 
An improved efficiency in inserƟng microneedles into the lumen of organoids was developed. A, schemaƟc of 
the improved technique. Ai, the microneedle is lowered onto the organoid to, Aii, press down on the organoid 
surface. The microneedle is moved laterally to pierce the organoid. Aiii, the loaded microneedle is injected into 
the organoid lumen. Aiv, the microneedle is removed from the organoid lumen by moving up and laterally 
away. Bi-iv are corresponding bright field images to the schemaƟc. Scale bar: 100µm 
4.3.5 OpƟmising Toxoplasma gondii density for microinjecƟons 
Parasite densiƟes loaded into microneedles needed to be opƟmised since low 
densiƟes meant few or no parasites could be injected, and high densiƟes meant 
increased frequency of needle blockages. T. gondii Pru-GFP were loaded into 
microneedles at 1x108/ml, however this resulted in inconsistent injecƟons mostly 
resulƟng in mostly PBS being injected. Higher densiƟes of 3 and 4x109/ml resulted 
in much greater success (Figure 28). These densiƟes required minimal 
compensaƟon pressures (5-10hPa) with injecƟon pressures of 100hPa. Upon 
piercing organoids, greater injecƟon pressures were required on occasion to release 
blockages (approximately 300hPa) with subsequent decrease in injecƟon pressures 
within the same organoid. All injecƟons were set to 0.1s duraƟon to prevent over-
expanding the organoids. This technique provided a much greater consistency in 
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injecƟng T. gondii into the lumen of organoids such that successful injecƟons 
occurred far more frequently than failed ones. 
 
Figure 28. T. gondii can be injected into the lumen of organoids  
T. gondii Pru-GFP were loaded into microneedles at 3x109/ml and 4x109/ml and used to inject murine organoids. 
Autofluorescence was detected using DAPI and dsRed and GFP fluorescent channels all overlapping, with 
individual GFP expression represenƟng T. gondii.  
An opƟmised technique of producing suitable microneedles has been accomplished, 
along with improved techniques in injecƟng T. gondii into the lumen of organoids 
for further experimental analyses.  
4.3.6 Microinjected Toxoplasma gondii within the organoid lumen show limited 
moƟlity 
The microinjecƟon model provides a suitable approach to image transepithelial 
migraƟon and infecƟon of T. gondii in the small intesƟnal epithelium. To achieve 
this, T. gondii Pru-GFP were injected into the lumen of ROSAmT/mG organoids and 
imaged using 2-photon microscopy to provide Ɵme-lapse images. IniƟal aƩempts 
showed many injected organoids perishing over the Ɵme-lapse period (Figure 29).   
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Figure 29. MicroinjecƟon of organoids with T. gondii can cause their demise 
ROSAmG/mT organoids were microinjected with T. gondii Pru-GFP (injecƟon site, white arrow) and Ɵme-lapse, z-
stack images obtained by 2-photon microscopy. Over a period of 1.5h, organoids can be observed perishing. 
Scale bar 30µm 
Upon replacing the media used for live imaging from phenol-red free DMEM to 
phenol-red free advanced DMEM/F12 or IntesƟCult mouse basal medium, injected 
organoids became more viable. Culture dishes containing grids marked by numbers 
and leƩers allowed microinjected organoids to be located quickly between 
microscopes. With all condiƟons now opƟmised, 2-photon imaging of injected 
samples showed T. gondii within the lumen of organoids, with some samples 
showing high densiƟes of the parasite (Figure 30).  
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Figure 30. Large quanƟƟes of T. gondii can be microinjected into the lumen of organoids 
ROSAmG/mT organoids were microinjected with T. gondii Pru-GFP (injecƟon site, white arrows) and Ɵme-lapse, z-
stack images obtained by 2-photon microscopy. LeŌ images show z-stack of samples, the right show cross-
secƟons. Scale bar 20µm. 
Three successful microinjecƟons of T. gondii Pru-GFP into ROSAmT/mG organoids 
were imaged over a period of 2 hours. However, parasites were observed to be 
immoƟle within the lumen with no migraƟon across the epithelial barrier observed 
and parasites remaining aƩached to the luminal surface (Figure 31A). Parasites 
exhibited low speeds with low distances and track length (Figure 31B), with the 
higher values likely due to the movement of the organoid and not the parasites. 
Within the organoid lumen some parasites were seen to perish as determined by 
their rapid loss in fluorescence (Figure 32). No infecƟon events were observed, 
however helical movement that is characterisƟc of T. gondii moƟlity was seen with 
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subsequent aƩachment to what appears to be an extruded cell within the lumen 
(Movie S3).  
 
Figure 31. T. gondii microinjected into organoid lumen exhibit very low moƟlity and no migraƟon. 
ROSAmG/mT organoids were microinjected with T. gondii Pru-GFP (injecƟon site, white arrows) and Ɵme-lapse, z-
stack images obtained by 2-photon microscopy over a 2h period. A, Ɵme-lapse imaging of a secƟon of a 
microinjected organoid. White arrows indicate T. gondii with tracks visible at the 1h Ɵme point. B, tracking 
measurements of each individual parasite within the lumen of organoids during three independent 
experiments. Track displacement, length and mean speed were calculated. Scale bar: 15µm 
 
Figure 32. Microinjected T. gondii perish within the lumen of organoids 
ROSAmG/mT organoids were microinjected with T. gondii Pru-GFP and Ɵme-lapse, z-stack images obtained by 2-
photon microscopy. Some parasites perish as observed by the disappearance of parasite fluorescence (white 
arrows). Scale bar 20µm 
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4.3.7 Microinjected Toxoplasma gondii successfully infect organoids 
To verify that T. gondii microinjected into the lumen of organoids successfully 
invade organoid cells, T. gondii Pru-tdTomato-Cre were microinjected into 
ROSAmG/mT organoids and incubated for 48h. Samples were fixed and z-stack images 
obtained by confocal microscopy (Figure 33). Using Imaris to pseudo-colour the 
parasites, infected cells were observed expressing eGFP indicaƟng successful 
invasion of the parasite (Figure 33B), and parasites were also seen remaining in the 
lumen (Figure 33C). Therefore, the microinjecƟon technique is a suitable method of 
infecƟng organoids from the luminal surface with T. gondii.  
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Figure 33. T. gondii microinjected into the lumen of organoids successfully invade organoid cells. 
T. gondii Pru-tdTom-Cre were loaded into microneedles at 4x109/ml, microinjected into ROSAmG/mT organoids 
and incubated for 48h. Samples were fixed and z-stack images obtained by confocal microscopy. Images were 
analysed by Imaris with T. gondii pseudo-coloured for clarity. A, z-stack image of microinjected organoid. B, 
shows enlarged cross-secƟon of microinjected organoid in A with intraluminal parasites (white arrows). Ci, an 
enlarged secƟon of the infected site of the organoid showing eGFP+ cells. Cii, cross-secƟon of Ci showing 
intracellular parasites within eGFP expression. Scale bar 20µm. 63x objecƟve. 
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4.4 Discussion 
Organoids of the small intesƟnal epithelium provide a suitable model for enteric 
infecƟons. However, infecƟon studies uƟlising organoids have been limited. This is 
parƟally due to the architecture of organoids leading to an enclosed luminal 
surface, blocking the natural route of infecƟon. MicroinjecƟons of pathogens into 
the luminal space of organoids is an established method of infecƟon. During the 
period of this study, these pathogens involved bacteria and viruses only with no 
publicaƟons of parasite injecƟons. Only during the last few months of this study 
have parasites been injected into human organoids (Heo et al., 2018). Therefore, 
methods had to be established for the microinjecƟon of T. gondii into organoids at 
the beginning of this study. The relaƟvely small sizes of Salmonella, C. difficile, and 
E. coli that have been injected into organoids meant that microneedle producƟon 
was not an issue (Wilson et al., 2014; Forbester et al., 2015; Leslie et al., 2015; 
Karve et al., 2017). These papers did not expand on their producƟon of 
microneedles, simply staƟng that the Ɵps of pulled needles were cut with sharp 
blades. The microneedle Ɵps appeared to be very small in size, although never 
actually specified (Wilson et al., 2014). MicroinjecƟons of the relaƟvely larger T. 
gondii require a much larger needle bore size. Preliminary aƩempts to microinject 
microspheres of a similar size to T. gondii (6µm) resulted in many blockages of the 
microneedle Ɵps. Resolving these blockages by breaking the needle Ɵps on the 
culture dish aided in some successful microinjecƟons of the microspheres, however 
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this method lacked consistency and required further opƟmisaƟon to produce 
suitable microneedles. The use of a horizontal micropipeƩe puller with many 
controllable aspects in order to standardise microneedle producƟon was used. 
However, microneedles produced from this were either too thin or the bore sizes 
were too large. The thin-Ɵpped microneedles were bevelled to increase bore size, 
but this method was not reproducible and created graphite residue around the 
needle Ɵp. Therefore, a simpler method was opƟmised to generate microneedles 
with a Ɵp bore size of approximately 10µm. Glass capillaries were pulled at a lower 
temperature of 50°C with a higher weight of 355g to generate microneedles with a 
short Ɵp. This short Ɵp length would reduce the chances of blockages since these 
occur in the microneedle Ɵps. Tips were broken in a culture dish prior to use for 
microinjecƟons to produce a bore size of approximately 10µm. This method of 
producing suitable microneedles for T. gondii infecƟons is relaƟvely quick, easy, and 
reproducible. 
AƩempts at microinjecƟons with larger bore sizes presented problems with 
controlling compensaƟon pressures. This was also determined by parasite density 
whereby the higher densiƟes resulted in more control of compensaƟon pressures. 
T. gondii at densiƟes of 3-4x109/ml in PBS provided greatest control of 
compensaƟon pressures, ranging from 5hPa to 15hPa, that prevented any flow from 
the microneedle when not injecƟng. This also allows for a smaller volume to be 
injected into the lumen that limits the expansion of organoids that could otherwise 
induce a stress response. IniƟal injecƟon pressures were kept low at approximately 
50hPa, but that did not result in many successful injecƟons. AŌer some training at 
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the Wellcome Sanger InsƟtute, Cambridge, where this research group used higher 
injecƟon pressures for Salmonella, injecƟon pressures of 100hPa and over were 
subsequently trialled. This improved the success rate of injecƟons of T. gondii into 
murine organoids. This was further improved by adapƟng the technique of piercing 
organoids with microneedles by lowering onto the organoid for increased depth 
percepƟon. This may have also aided in pinning the organoid to prevent movement 
away from the approaching microneedle. With opƟmised parasite densiƟes, 
injecƟon pressures, and injecƟon techniques the microinjecƟon of T. gondii into the 
luminal space of organoids became much more consistent. InjecƟon pressures 
varied between each microneedle used and usually incrementally increased from 
100hPa for 0.1s unƟl successful injecƟon occurred, to which pressures declined back 
to 100hPa and this process was repeated for subsequent injecƟons. MicroinjecƟons 
of T. gondii into the luminal space of murine organoids has now been established, 
with opƟmised protocols for the development of suitable microneedles and 
microinjecƟon techniques. This will provide a valuable tool for assessing host-
pathogen interacƟons at the physiologically relevant route of infecƟon. 
Using organoids from ROSAmT/mG mice, microinjecƟons of T. gondii Pru-tdTom-Cre 
showed successful invasion of organoid cells aŌer 48h by the expression of eGFP+ 
cells. However, considering the large amount of T. gondii injected into the organoid 
lumen, very few were successful in infecƟon with many sƟll seen remaining within 
the lumen. AƩempts at Ɵme-lapse imaging of microinjecƟons using 2-photon 
microscopy proved challenging, with opƟmisaƟons eventually providing successful 
results. With this model, the observaƟon of transepithelial migraƟon and direct 
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invasion events of organoid cells by T. gondii was anƟcipated. However, T. gondii 
were deemed immoƟle within the lumen of organoids, remaining aƩached to the 
luminal surface with no invasion of organoid cells or migraƟon observed. Extending 
imaging periods to 2 or 3h did not elucidate any further moƟlity. This corresponds 
with the low rate of infecƟon witnessed with the 48h microinjected culture. There 
may be a few reasons for this low rate of infecƟon. Unlike monolayer cultures, 
organoids contain goblet cells that produce mucins forming a mucus layer. The 
mucus acts as a physical barrier between the small intesƟnal epithelium and 
microbes in vivo, therefore may be prevenƟng aƩachment of T. gondii to the 
luminal surface of organoids. The degradaƟon of mucus within organoids may aid in 
increasing contact between T. gondii and the epithelial surface and may be 
achieved through the injecƟon of T. gondii along with N-acetyl cysteine. Secondly, 
anƟmicrobial expression from Paneth cells may also be prevenƟng T. gondii 
infecƟon. Paneth cells are known to produce defensins that have microbicidal and 
parasiƟcidal effects that kill pathogens (Wilson et al., 2014) with human α-defensin 
5 known to have detrimental effects on T. gondii (Tanaka et al., 2010). Current in 
vivo models of T. gondii infecƟon are analysed many days aŌer infecƟon, since foci 
are very difficult to locate early on in the intesƟnal epithelium (Coombes et al., 
2013; Gregg et al., 2013). The sparsity of infecƟons in vivo may result from host 
defence mechanisms against infecƟon that may also be at play here in intesƟnal 
organoids. T. gondii strains differ in virulence and moƟlity, with type I RH strain 3 
Ɵmes more likely to be observed transmigraƟng across epithelial cells than types II 
or III (Barragan and Sibley, 2002). MicroinjecƟons of T. gondii RH may increase the 
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likelihood of observing transepithelial migraƟon. The high microinjecƟon pressures 
used to inject T. gondii into the lumen of organoids may be detrimental to parasite 
viability and could suggest a reason for poor rates of invasion. However, invasion of 
T. gondii is also low within the infecƟon protocol for organoids and parasites 
incubated in suspension (Chapter 3, page 118) and in cultures of organoids on 
collagen sheets to provide a semi-monolayer for infecƟon (Luu L, 2017 PhD thesis, 
University of Liverpool). Therefore, this suggests possible defensive mechanisms 
applied by organoids against T. gondii infecƟons that results in the low rate of 
infecƟons observed in this study. 
In this study, a protocol for the infecƟon of T. gondii at the luminal surface of 
organoids has been established. This is the first incidence of microinjecƟons using T. 
gondii and provides a valuable tool in assessing host-pathogen interacƟons at the 
physiological route of infecƟon. Time-lapse imaging using 2-photon microscopy did 
not reveal any infecƟon events or transmigraƟon across organoids. However, co-
injecƟons with mucus degrading enzymes should be considered for future studies to 
potenƟally improve contact between T. gondii and the luminal surface. Although 
this method is technical and currently cannot be used as a high throughput method, 
techniques are being developed to produce automated injecƟons within organoids 
that would otherwise increase samples sizes (Williamson et al., 2018). This 
development of the microinjecƟon system in our study will improve our 
understanding in host-pathogen interacƟons during early T. gondii infecƟons. 
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Chapter 5: Developing a co-culture method of organoids with dendriƟc cells of the 
small intesƟne 
5.1 IntroducƟon 
Homeostasis within the intesƟne relies on the cooperaƟon between the small 
intesƟnal epithelium, immune cells of the LP, and the microbiota. Upon infecƟon of 
the small intesƟnal epithelium, chemokines and cytokines are expressed by IECs to 
recruit immune cells and to acƟvate responses to clear the pathogens. DCs play a 
key role in driving tolerance towards commensal bacteria and pathogen clearance 
during infecƟons. However, very liƩle is known about how DCs interact with the 
small intesƟnal epithelium during the steady state and responses to infecƟon with 
no suitable models encompassing the small intesƟnal epithelium and intesƟnal DCs 
alone. The development of an in vitro culture of gut-like DCs and subsequent 
coculture with organoids would provide a valuable tool in assessing interacƟons 
between DCs and the small intesƟnal epithelium and interacƟons during early 
stages of infecƟon.  
DCs of the SI LP play a key role in intesƟnal homeostasis, bridging the innate and 
adapƟve immune responses and driving tolerance towards commensal bacteria. 
Earlier studies into the funcƟons of these DCs relied on CD11c and MHCII for their 
idenƟficaƟon. It has since been established that intesƟnal macrophages also express 
these markers at similar levels, and therefore these markers are insufficient to 
disƟnguish bona fide cDCs. Instead, F4/80 and CD64 can be used to exclude 
macrophages, allowing four subsets of cDCs to be idenƟfied based on differenƟal 
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expression of CD103 and CD11b (Table 1, page 59) (Figure 34). The cDC1 subset are 
CD103+CD11b- and express the chemokine receptor, XCR1. They are known to cross-
present anƟgen to CD8+ T cells, and to induce Treg or Th1 cell differenƟaƟon. The 
cDC2 subset comprise of cells that are CD103+CD11b+, CD103-CD11b+, and CD103-
CD11b-, and all express SIRPα. The CD11b+ populaƟons drive development of Th17 
and Th2 responses, with the double negaƟve  CD103-CD11b- cDCs (henceforth 
referred to as DN cDC2) suggested to be an immature phase to the CD11b+ subsets 
(Bonnardel et al., 2017). All subsets of cDCs express Aldh1a2 that allows them to 
produce RA that induces expression of gut homing receptors in T cells and induce 
expression of FoxP3 to generate T regs. The relaƟve proporƟons of cDC1 and double 
posiƟve CD103+CD11b+ (DP cDC2) and single posiƟve CD103-CD11b+ (SP cDC2) in the 
small intesƟne vary between labs, but there tends to be an enrichment towards the 
DP cDC2 subset (Denning et al., 2011; Cohen and Denkers, 2015; ScoƩ et al., 2015; 
Takemura and Uematsu, 2016). The composiƟon of DC subsets in PPs remains 
uncertain with studies suggesƟng the cDC1 subset are enriched in the PPs 
compared to the SI LP and to be the most populous cDC in the PP (Bogunovic et al., 
2009), and others suggesƟng that the DN cDC2s are the most populous cDCs in PPs 
(Bonnardel et al., 2017). Nonetheless, DP cDC2s are considered the most abundant 
populaƟon in the SI LP, with cDC1s and SP cDC2s more abundant in the colon LP. 
Ideally, both cDC1 and cDC2 subsets would be represented in a co-culture model, 
with the majority of cells deriving from cDC2. This could be achieved by isolaƟng 
cDCs directly from the SI LP, or by generaƟng gut-like cDCs from bone marrow 
progenitors in vitro.  
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Figure 34. SchemaƟc of the flow cytometry analysis of intesƟnal cDCs based on CD103 and CD11b expression 
and their abundance within the LP of the small intesƟne and colon.  
LeŌ schemaƟc represents gaƟng strategy for cDC1 and cDC2 subsets by flow cytometry. The cDC1 subset (blue) 
is CD103 +CD11b- and is most prominent in the colon lamina propria (CO LP). The cDC2 subset is divided into 3 
populaƟons that are CD11b+ (red) and CD103+ that are in greatest quanƟƟes in the small intesƟnal lamina 
propria (LP), or CD103- most prominent in the CO LP, or double negaƟve (DN) for CD103 and CD11b (green). 
5.1.1 Bone marrow culture to develop dendriƟc cells with a gut-like phenotype 
IntesƟnal DCs derive from a common progenitor within the bone marrow, termed 
pre-mucosal DCs (pre-μDCs). Therefore, under correct condiƟons, in vitro culture of 
BM cells could produce cDCs with a phenotype of those from the SI LP. Early studies 
on the generaƟon of DCs from BM used a culture system that included GM-CSF and, 
in some instances, IL-4 to produce a populaƟon of CD11c+MHCII+ cells. However, 
improvements in our ability to disƟnguish DCs and macrophages have since proven 
that GM-CSF cultures are greatly heterogenous with populaƟons of cells that 
include macrophages and DCs resembling monocyte-derived DCs (HelŌ et al., 2015). 
An alternaƟve culture method uses Flt3L, but this generates a heterogeneous 
populaƟon of pDCs and cDCs (Brasel et al., 2000; Mayer et al., 2014). Both Flt3L and 
GM-CSF are implicated in the development of intesƟnal cDC with all four subsets 
dependent on Flt3L early in development. GM-CSF has also been shown to be an 
important factor in cDC differenƟaƟon, whereby mice lacking GM-CSFR have fewer 
DP cDC2s in the SI LP (Bogunovic et al., 2009). A source of GM-CSF is suggested to 
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derive from ILCs within the intesƟnal LP (Mortha et al., 2014), therefore exposure of 
developing cDCs to GM-CSF may occur at later Ɵmepoints within the LP. Exposure of 
bone marrow progenitors to a combinaƟon of Flt3L and GMCSF at appropriate Ɵme-
points along the developmental pathway may therefore generate a cDC populaƟon 
with gut-like features. DP cDC2s are the most prominent subset in the intesƟnal LP, 
therefore a culture primarily consisƟng of this subset is most desirable.  
BMDCs generated in GMCSF contain only a very minor CD103+ subset, while the 
CD103+ subset in BMDCs generated in Flt3L alone is only slightly more numerous 
(Mayer et al., 2014; Zeng et al., 2016). The cDC2 subset development and survival 
upon reaching the small intesƟne is reliant on the conƟnued presence of GM-CSF 
(Bogunovic et al., 2009). In line with this, the CD103+ subset can be proporƟonally 
increased by addiƟon of GM-CSF for the last 48h of Flt3L-treated BM cultures 
(Yokota et al., 2009; Jackson et al., 2011; Sathe et al., 2011). However, this 
generates CD103+ DCs that are uniformly Id2+, with Id2 being implicated in cDC1, 
but not cDC2, development (Jackson et al., 2011). DCs generated in the presence of 
both Flt3L and GM-CSF are also funcƟonally different to their in vivo counterparts, 
such as the lack of TLR3 in cDC1s and lack of CD101 in DP cDC2s, a phenotype 
similar to that present in vitamin-A deficient mice (Zeng et al., 2016). This suggests 
that BMDC cultures may be reliant on RA for their full development towards a gut-
like phenotype. Therefore, exisƟng methods generate either predominantly cDC1-
like cells, or a mixed populaƟon of cDC1/cDC2-like cells that are not fully 
representaƟve of their in vivo counterparts. 
Page | 184  
 
In addiƟon to the definiƟon of subsets based on CD103 and CD11b expression, 
generaƟon of DCs with a gut-like phenotype can be assessed based on expression of 
ALDH1A2. Culture of BM in FLt3L does not induce expression of aldh1a2 in cDCs 
(Yokota et al., 2009), while inclusion of RA in GM-CSF cultures results in high levels 
of CCR9 expression, a marker for pDCs, and the absence of a prominent populaƟon 
of CD103+ DCs. Therefore, these cannot be termed as bona fide mucosal DCs. 
However, when pre-cDCs are sorted from BM of Flt3L-injected mice and cultured in 
Flt3L and GM-CSF, the addiƟon of RA generates DCs that emulate the 
transcriptomic profile of intesƟnal cDC1 and DP cDC2 subsets, including the 
inducƟon of TLR3 expression in cDC1 and CD101 in cDC2s. How similar these are to 
their in vivo counterparts is yet to be determined (Zeng et al., 2016). Studies have 
also demonstrated that the condiƟoning of cDCs with RA suppresses the pro-
inflammatory gene programs, that may result in a more tolerogenic phenotype 
(Zeng et al., 2016).  
Altogether, this data suggests that gut-like cDCs can be generated with a temporally 
restricted cocktail of Flt3L, GMCSF and RA. However, so far studies have not 
successfully cultured DCs with a gut-like phenotype from BM of untreated mice. 
Pre-cDCs have been sorted from the bone marrow of Flt3L-treated mice and 
cultured with Flt3L, GMCSF and RA to generate gut-like DCs, however this technique 
is more technically demanding and may not necessarily be available to many 
laboratories (Zeng et al., 2016). The ability to culture gut-like DCs directly from 
unsorted BM of untreated mice would provide a straighƞorward means of 
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generaƟng DCs of relevant intesƟnal phenotype for high throughput studies of 
infecƟons and chronic inflammatory diseases. 
Table 5. Previous research on developing intesƟnal-like DCs from bone marrow cultures. 
Previous studies uƟlising BM cells to induce expression of CD103 and Aldh1a2 to generate gut-like DCs have 
used GM-CSF, Flt3L, RA, and IL-4. Listed below are these studies, the duraƟon of each factor the culture was 
exposed to, and their results. AbbreviaƟons: Concs; concentraƟons, Cond. media; condiƟoned media 
Key  
  
Growth 
factors 
Concs Culture condiƟons Results Reference 
GM-CSF 
Flt3L 
RA 
100ng/
ml 
10ng/ml 
100nM 
 
 
4-day culture in Flt3L, 
GM-CSF and RA. 
 BM from Flt3L-
treated mice 
sorted for pre-
µDCs 
 Increased cDC2 
populaƟon 
 Increased 
similarity in 
geneƟc profiles to 
in vivo subsets 
 RA supressed 
proinflammatory 
gene programs. 
(Zeng et 
al., 2016) 
Flt3L 
RA 
100ng/
ml 
1nM  
 
 
 
6-day culture in Flt3L 
and RA 
 BM from Flt3L-
treated mice 
sorted for pre-
µDcs 
 RA increased α4β7 
expression on pre-
µDCs 
 RA suppressed 
CCR9 expression 
(Zeng et 
al., 2013) 
GM-CSF 
Flt3L 
IL-4 
20ng/ml 
10ng/ml 
10ng/ml 
 
 
8-day culture in Flt3L. 
Last 48h in GM-CSF 
and IL-4. 
 Flt3L BMDCs did 
not express 
Aldh1a2. 
 AddiƟon of GM-
CSF and IL-4 for 
48h induced 
Aldh1a2. 
(Yokota et 
al., 2009) 
Page | 186  
 
GM-CSF 
RA 
20ng/ml 
1µM  
 
8-day culture in GM-
CSF. RA added from 
D3. 
 RA increased CCR9 
expression, 
decreased CD103 
and CD11c 
expression 
 48h with RA only 
moderately 
increased CCR9 
(Feng et 
al., 2010) 
GM-CSF 
RA 
IL-4 
20ng/ml 
1µM 
20ng/ml 
 
 
4-day culture in GM-
CSF. MACS enrichment 
and culture on 
collagen for 2 days 
with RA, last day with 
added IL-4. 
 Increased ALDH, 
CD11c, and CD103 
expression. 
 Promotes Treg 
differenƟaƟon 
through RA 
producƟon in DCs 
(Zhu et al., 
2013) 
GM-CSF 
Flt3L 
~1.8ng/
ml 
~65ng/
ml 
(Cond. 
media) 
 
 
 
16-day culture in GM-
CSF and Flt3L. 
Re-plated aŌer D9. 
 High CD103 and 
CD11b expression 
 Baƞ3-dependent 
associated with 
CD103+CD11b- 
subset 
(Mayer et 
al., 2014) 
 
5.1.2 InteracƟons between intesƟnal DCs and the small intesƟnal epithelium 
The intesƟnal microenvironment condiƟons DCs to exhibit a tolerogenic or 
inflammatory phenotype depending on the steady state of the intesƟnal 
environment or iniƟaƟon of inflammaƟon through infecƟon or disease of the 
epithelium, respecƟvely. In the steady state, IECs express TGF-β, TSLP, and RA that 
condiƟon DCs to become tolerogenic, endowing them with the ability to drive 
differenƟaƟon of Foxp3+ regulatory T cells.  IECs use ALDH1A1 to produce RA from 
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dietary vitamin A (reƟnol) that can condiƟon DCs to increase expression of CD103 
and ALDH1A2, allowing them to also contribute to the producƟon of RA  (McDonald 
et al., 2012; Zeng et al., 2016).  
In the steady state cDCs patrol the SI LP, making contact with the epithelium and 
crawling along the surface and between epithelial cells and also extending 
projecƟons between cells into the luminal space (Farache et al., 2013). Although sƟll 
unclear, it is thought that this process is limited to CD11c+CX3CR1- cells, assumed to 
be the cDC1 subset since cDC2s express low to intermediate levels of CX3CR1 (Niess 
et al., 2005; Farache et al., 2013). Upon infecƟon, the small intesƟnal epithelium 
express inflammatory factors and chemokines, such as CCL20, that recruit 
addiƟonal CD103+ cDCs where they efficiently capture anƟgen (Cruickshank et al., 
2009; Farache et al., 2013). AnƟgen is also transported across the small intesƟnal 
epithelium through goblet cell associated anƟgen passages (GAPS), then transferred 
to CD103+ DCs in close contact with the epithelium (McDole et al., 2012). Upon 
acquisiƟon of anƟgen, CD103+ cDCs then transport anƟgen to MLNs where 
presentaƟon to T cells in the context of RA induces expression of gut-homing 
receptors and condiƟoning to effector T cells. The crosstalk between the intesƟnal 
epithelium and DCs is generally not well understood, with very liƩle known about 
the direct role DCs play in intesƟnal epithelial defence against infecƟons 
(independently of the adapƟve immune system). DCs of the intesƟne modulate 
local immune cells during enteric infecƟons such as the DP cDC2 subset expressing 
IL-23 following intesƟnal epithelial infecƟon, and this induces IL-22 expression in 
ILCs that increase Paneth cell secreƟon of defensins against bacterial infecƟon 
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(Kinnebrew et al., 2012). Direct effects on the small intesƟnal epithelium by DCs 
have rarely been studied. CondiƟoning experiments of IECs on DCs caused an 
increase in IL-6 expression in DCs (Rimoldi et al., 2005), with this cytokine known to 
be involved in in IEC proliferaƟon and epithelial repair, therefore IL-6 expression in 
DCs may be involved in maintaining intesƟnal epithelial integrity. The cDC1 subset 
may control anƟ-inflammatory protein expression in IECs through IFN-γ since only 
the ablaƟon of the cDC1 subset in DSS-coliƟs mouse model exacerbated 
inflammaƟon (Muzaki et al., 2016). However, these results do conflict with other 
studies using geneƟcally engineered Baƞ3-/- mice whereby the loss of cDC1 did not 
increase intesƟnal inflammaƟon, owing to the differences in the mouse models 
used (Edelson et al., 2010). This highlights the disparity in results between studies 
when using mouse models to analyse the role of DCs in the intesƟne. 
Studies analysing the DC-epithelium interacƟons have mostly relied on monolayer 
cultures which are not representaƟve of the small intesƟnal epithelium. Others 
have used in vivo imaging that contain difficulƟes in DC subset discriminaƟon with 
mouse models providing great difficulƟes in dissecƟng the involvement of parƟcular 
molecular pathways in DC subsets. Therefore, a coculture method of gut-like DCs 
with organoids may provide a model that would recapitulate natural interacƟons 
between intesƟnal DCs and the small intesƟnal epithelium.  
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5.1.3 InteracƟons between the small intesƟnal epithelium and DCs during T. gondii 
infecƟons 
T. gondii invades its host through the small intesƟnal epithelium. LiƩle is 
understood about this iniƟal infecƟon event, due to the difficulty detecƟng the 
parasite early aŌer infecƟon in in vivo models. In vitro cell line cultures suggest that 
a proporƟon of parasites invade via a paracellular route, possibly through disrupƟon 
of Ɵght juncƟons (Weight and Carding, 2012; Briceno et al., 2016). At the same 
Ɵme, infecƟon of the small intesƟnal epithelium results in the release of 
inflammatory cytokines and defensins (Ju, Chockalingam and Leifer, 2009; 
Morampudi, Braun and D’Souza, 2011). In vivo data has shown that the parasite 
subsequently invades DCs in the LP, which migrate away from the intesƟne 
contribuƟng to parasite disseminaƟon. However, due to the disparate models used, 
we currently understand liƩle about the role of interacƟons between DCs and the 
small intesƟnal epithelium in the control or spread of infecƟon. There are many 
aspects of early infecƟon events of T. gondii in the small intesƟnal epithelium that 
remains uncertain such as the influence of DCs on the barrier integrity of the small 
intesƟnal epithelium, how DCs become infected with the parasite, and how DCs 
respond to the infecƟon-induced release of inflammatory mediators by epithelial 
cells. Organoids provide a suitable model of the small intesƟnal epithelium to assess 
early invasion of epithelial cells and monitoring transmigraƟon of T. gondii and may 
determine the relaƟve importance of the paracellular route of the different parasite 
strains.  
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The aims of this chapter were to generate gut-like DCs from BM to develop a novel 
coculture model with intesƟnal organoids. The generaƟon of DCs with a gut-like 
phenotype from BM would provide a straighƞorward means of developing a 
relevant populaƟon of DCs for co-culture and infecƟon experiments. Live imaging 
experiments may reveal new DC/epithelial interacƟons and host-pathogen 
interacƟons during early stages of infecƟon. From this model, future research may 
provide further informaƟon that could lead to novel vaccines or therapeuƟcs being 
developed to improve protecƟon again T. gondii infecƟons.  
Aim: Generate a DC/organoid co-culture model that can be used to model early 
events in enteric infecƟon. 
ObjecƟves: 
a) Produce a culture method to generate DCs with a gut-like phenotype from 
murine BM. 
b) Develop a protocol for the coculture of DCs and organoids for live imaging 
and condiƟoning assays 
c) Assess condiƟoning of DCs in culture with organoids 
d) Use live imaging approaches to assess the dynamics of DCs in culture with 
organoids  
e) Assess interacƟons between DCs and organoids infected with T. gondii 
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5.2 Methods 
5.2.1 Bone marrow-derived dendriƟc cell culture 
Bone marrow-derived dendriƟc cells (BMDCs) were cultured as previously described 
with some alteraƟons (Jackson et al., 2011; Mayer et al., 2014; Zeng et al., 2016). 
BM cells were isolated as described in chapter 2.9, page 108. Cells were cultured at 
1.5x106 cells/ml in a 6-well plate in complete RPMI 1640 medium containing 10% 
FBS, 2mM L-glutamine, 1% P/S, 50μM 2-mercaptoethanol, and 200ng/ml Flt3L, with 
20ng/ml GM-CSF added from day 6 of culture (termed BMDCs). A proporƟon of the 
BM culture was treated with 1μM of reƟnoic acid from day 6 (termed gDCs). 
Medium was added on day 5 (100ng/ml Flt3L) and cells harvested on day 8 by 
gentle pipeƫng. 
5.2.2 DendriƟc cell isolaƟon from the lamina propria of the small intesƟne 
DCs were isolated from the LP of small intesƟnes as previously described with some 
alteraƟons (Cohen and Denkers, 2015). Small intesƟnes were harvested from 
C57Bl/6 mice, Peyer’s Patches removed, and the intesƟne cut open longitudinally to 
wash in PBS. The Ɵssue was incubated three Ɵmes in HBSS supplemented with 5% 
FBS, 5mM EDTA and 10mM HEPES in an orbital shaker for 20 minutes at 250rpm, 
37°C. This was repeated for a total of three Ɵmes with shaking in PBS for 15 seconds 
between incubaƟons to remove epithelial cells. The intesƟnes were minced and 
incubated in HBSS with 1mg/ml collagenase VIII (Sigma, C2139) for 20 minutes in an 
orbital shaker at 200rpm, 37°C, and then vortexed for 20 seconds to allow for 
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thorough dissociaƟon. The suspension was passed through 100µm and 30µm filter 
and centrifuged at 2000rpm for 5 minutes. Cells were enriched for CD11c by 
posiƟve selecƟon with CD11c microbeads (Miltenyi, 130-108-338) through two LS 
columns (Miltenyi, 130-042-401). Enriched cells were then analysed using flow 
cytometry and added to organoid cultures in the same manner as the condiƟoning 
assays. 
5.2.3 Organoid co-culture with gut-like bone marrow-derived dendriƟc cells for 
condiƟoning assays 
Organoids were generated by isolaƟng and culturing crypt structures from C57Bl/6 
and ROSAmT/mG mice as described previously (chapter 2.2, page 96). 
BMDCs were harvested on day 8 by collecƟon of non-adherent and loosely 
adherent cells and enriched for CD11c using MACS (Miltenyi, 130-108-338). Cells 
were centrifuged at 1500rpm for 5 minutes and resuspended at 2x106cells/ml in 
70% Matrigel diluted in IntesƟCult mouse basal medium and placed on ice to 
prevent gel polymerisaƟon. Organoids from C57Bl/6 mice that had been cultured 
for at least 5 days were extracted from Matrigel using PBS and centrifuged at 300xg 
for 5 minutes and supernatant removed by pipeƩe. Matrigel/DC suspension were 
added to the organoids and plated in 100μl aliquots onto coverslips in a 48 well 
culture plate. The Matrigel was allowed to polymerise by incubaƟng at 37°C, 5% CO2 
for 20 minutes before IntesƟCult medium was added. The co-cultures were 
incubated at 37°C, 5% CO2 for 24 hours. 
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5.2.4 Aldefluor staining 
Measuring for aldehyde dehydrogenase (ALDH) expression was carried out using an 
ALDEFLUOR assay kit according to manufacturer’s instrucƟons (01700, StemCell 
Tech.) and opƟmised as in chapter 2.12, page 114. Cells were resuspended in 
ALDEFLUOR buffer (01701, StemCell Tech.) and half of each sample was added to a 
DEAB inhibitor (final concentraƟon of 90μM) as a control. ALDEFLUOR reagent (final 
concentraƟon of 365nM) was added to each sample and respecƟve control and 
incubated for 30 minutes at 37°C before centrifuging at 1500rpm for 5 minutes. 
ALDEFLUOR buffer was used for the remaining cell staining.  
5.2.5 Flow cytometry of organoid/BMDC cocultures 
Cocultures were resuspended from Matrigel using ice-cold running buffer (PBS, 2% 
FCS) and dissociated by pipeƫng. Samples were centrifuged at 1500rpm for 5 
minutes and suspended in running buffer or Aldefluor assay buffer. Measuring ALDH 
expression was carried out using an Aldefluor assay kit according to manufacturer’s 
instrucƟons with alteraƟons as menƟoned above. AŌer labelling for ALDH, samples 
were suspended in ice-cold aldefluor buffer. 
Cells were Fc blocked with CD16/32 anƟbody (16-0161-81, eBioscience) for 30 
minutes on ice. AnƟbodies (Table 3, page 115) were added to samples for 30 
minutes on ice and washed twice with buffer. Cells were analysed using MACSQuant 
Analyzer (Miltenyi Biotec) and data analysed with FlowJo (Tristar). Live cells were 
gated using FSC/SSC plots and aggregates excluded by SSC pulse width. 
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5.2.6 Live imaging of organoid/DC cocultures 
Harvested DCs and DCs isolated from SI LP were resuspended in DMEM at 1x106/ml 
with 2μM CFSE and incubated for 7 minutes at room temperature, protected from 
light. Cells were washed twice with DMEM containing 10% FCS at 1500rpm for 5 
minutes and a third Ɵme with PBS, and cocultured with organoids from ROSAmT/mG 
mice in 50μl aliquots of Matrigel on glass boƩom, 3cm culture dishes. Phenol-red-
free DMEM/F12 (ThermoFisher ScienƟfic, 11039021) was added and the samples 
imaged over a period of 50 minutes at 2-minute intervals using 2-photon 
microscopy on a Zeiss LSM 880 mulƟphoton microscope with a 40x objecƟve.  
5.2.7 Co-culture of dendriƟc cells and organoids infected with T. gondii 
ROSAmT/mG organoids were infected with T. gondii Pru-tdTom-Cre as described 
above (chapter 2.5, page 100) and incubated for 24h at 37°C, 5% CO2. Infected 
organoids were washed twice in PBS at 200g, 5 minutes. DCs that were cultured 
with RA (gDCs) were harvested at day 8, enriched for CD11c using posiƟve-selecƟon 
MACS, and labelled with CFSE as described above. These were added to infected 
organoids and control samples in 70% Matrigel diluted in IntesƟCult medium and 
plated onto 3cm glass boƩom culture dishes and incubated at 37°C, 5% CO2 for 20 
minutes. Samples were transported to the Centre for Cell Imaging (CCI) within the 
InsƟtute of IntegraƟve Biology, University of Liverpool for 2-photon microscopy. 
Phenol-red-free DMEM/F12 medium were added to each sample and Ɵme-lapse 
images with z-stacks were obtained using a Zeiss LSM880 mulƟphoton microscope 
and a 2-photon laser line.  
Page | 195  
 
5.2.8 Analysis of Ɵme-lapse images using Imaris soŌware 
All images were analysed using Imaris image analysis soŌware (BitPlane), with 
automated quanƟficaƟons analysed manually for accuracy (chapter 2.10.3, page 
111). MoƟlity parameters and morphology analysis of DCs were carried out using 
the “surfaces” funcƟon on Imaris, detecƟng the CFSE fluorescence signal for 
quanƟficaƟon by the soŌware. These were manually checked to ensure accuracy of 
marked DCs and their tracking over the Ɵme-lapse periods.  
5.2.9 Co-cultures of DCs and organoids microinjected with TLR9 agonists 
Organoids from C57Bl/6 mice were cultured for 5-7 days before microinjecƟng with 
CpG ODN M362 or LPS. Microneedles were produced by pulling glass 
microcapillaries in a pipeƩe puller with 225g of weight at 60°C and breaking the Ɵps 
in a culture dish as described above (chapter 4.2.3, page 155). Microneedles were 
loaded with 5µM CpG ODN and microinjected into the luminal space of organoids 
(chapter 2.8.4, page 108). Medium was replaced, and samples cultured overnight 
before 2x105 BMDCs and gDCs were added to microinjected organoid samples. 
Samples were cultured for 24 hours at 37°C, 5% CO2, and then analysed using flow 
cytometry as described above. 
5.2.10 StaƟsƟcal analyses 
StaƟsƟcal significance between groups was assessed using one-way ANOVA with 
Tukey’s post-test, two-way ANOVA with Sidaki’s post-test, or Student t test, as 
stated.  
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5.3 Results 
5.3.1 DendriƟc cell isolaƟon from the lamina propria of the small intesƟne 
The first objecƟve of this chapter was to isolate DCs from the SI LP to determine DC 
subset composiƟon and phenotype. Cells were isolated from the SI LP by removal of 
SI from mice with subsequent washes in EDTA to remove epithelial cells. 
Collagenase was used to digest the ECM and release LP cells. Cells were enriched by 
posiƟve selecƟon CD11c MACS from Miltenyi and characterised by flow cytometry. 
Since CD11c+ cells of the SI LP consist of both DCs and macrophages, enrichment for 
CD11c+ cells is likely to provide a heterogenous populaƟon. Therefore, aŌer gaƟng 
on CD45+CD11c+ cells, F4/80+ macrophages were excluded from the analysis (Figure 
35C). The remaining DCs were analysed for expression of CD103, aldehyde 
dehydrogenase (ALDH), and MHCII (Figure 35A and B). 49% of F4/80- cells expressed 
CD103, while 9% expressed ALDH (Figure 35Di). However, of the F4/80+ cells, 23% 
also expressed CD103 (Figure 35Dii). 
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Figure 35. IsolaƟon of dendriƟc cells from the lamina propria of the small intesƟne provide a heterogenous 
populaƟon of cells mostly comprising of DCs. 
Cells from the LP of SI of mice were isolated, enriched for CD11c and analysed by flow cytometry. A, cells were 
gated on CD45+/CD11c+/F4/80- to show CD103 expression of DCs. B, the gated cells were analysed for ALDH 
expression using DEAB as the control (i) for the ALDH stain (ii). Flow data is representaƟve of 3 independent 
experiments. C, ProporƟon of CD45+/CD11c+ cells expressing ALDH, CD103, F4/80, and MHCII. D, ProporƟon of 
CD45+/CD11c+ cells gated on (i) F4/80- and (ii) F4/80+ cells expressing CD103, MHCII, and ALDH. Graphs show 
pooled data from of 3 independent experiments showing mean +/- SEM. 
DCs of the intesƟne are divided into subsets based on CD103 and CD11b expression. 
The quanƟƟes of each subsets differ depending on their locaƟon along the small 
intesƟne, with DP cDC2s predominaƟng in the SI LP (Denning et al., 2011; ScoƩ et 
al., 2015). Therefore, DCs isolated from the SI LP were assessed for subset 
expression profiles based on CD103, CD11b, and ALDH (Figure 36). CD45+CD11c+ 
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cells were gated for CD103 and CD11b expression (Figure 36A) and subsets were 
analysed for ALDH (Figure 36B) using DEAB as the negaƟve control for gaƟng of 
ALDH+ cells (Figure 36A). These were quanƟfied to show that the CD103+CD11b+ 
subset was the most populous, with CD103+CD11b- and CD103-CD11b+ subsets 
being of lower prominence, with CD103-CD11b- subset being lower sƟll (Figure 
36Ci). Subsets were analysed for ALDH expression with greater ALDH in the 
CD103+CD11b- subset and lower proporƟons in CD103+CD11b+ and CD103-CD11b+ 
subsets. ALDH expression was almost absent in the CD103-CD11b- subset (Figure 
36Cii). 
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Figure 36. The cDC2 subset is the prominent populaƟon of DCs in the SI LP. 
Cells from the SI LP were isolated, enriched for CD11c using MACS and characterised by flow cytometry. A, Cells 
were gated for CD45+/CD11c+ cells and analysed for subsets based on CD103 and CD11b. B, Subsets were 
analysed for ALDH expression using DEAB as the negaƟve control. Ci, Subsets were quanƟfied and, Cii, as too 
were their ALDH expression. Data from a single preliminary experiment. 
5.3.2 OpƟmising bone marrow culture condiƟons to produce dendriƟc cells with a 
gut-like phenotype 
The next objecƟve of this chapter was to opƟmise a culture protocol for the 
generaƟon of DCs with a gut-like phenotype from BM. This approach was favoured 
over the isolaƟon of DCs from the LP of the SI since cell yields are too low to provide 
sufficient material for experiments. Previously published methods to establish a 
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culture of gut-like DCs from BM (Table 5) were tested and modified, as shown in 
Table 6. BM cells were cultured in GM-CSF, FLt3L and combinaƟons of the two. RA 
was added to cultures for the last 5 days as this was shown to increase the similarity 
between the transcriptomic profiles of BMDCs and small intesƟnal cDCs in a 
previous study (Feng et al., 2010; Zeng et al., 2016). IL-4 was added to cultures for 
the last 24h since this had previously been shown to increase expression of CD103, 
CD11c, and ALDH in cultures treated with GM-CSF and RA (Zhu et al., 2013). Since 
these cultures derive from BM it would be expected that these DCs will not be fully 
matured, and this can be determined by MHCII expression present on otherwise 
mature DCs. All culture condiƟons in Table 6 were analysed by flow cytometry for 
cell surface markers of intesƟnal DCs. These markers are CD103 and CD11b that are 
also used to determine the cDC subsets, ALDH, MHCII, and the macrophage marker 
F4/80.  
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Table 6. Culture condiƟons used for the opƟmisaƟon of BM-derived gut-like DCs. 
BM cells were cultured in GM-CSF, Flt3L, or a combinaƟon of both. RA and IL-4 were added at certain 
Ɵmepoints. 
Key 
  
Culture Growth factors Growth factor duraƟon in culture 
1 GM-CSF 
 
2 GM-CSF + RA 
 
3 GM-CSF + RA + IL-4 
 
4 Flt3L  
5 Flt3L + RA  
6 Flt3L + RA + IL-4 
 
7 GM-CSF + Flt3L  
8 GM-CSF + Flt3L + RA  
9 GM-CSF + Flt3L + RA + IL-4 
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GM-CSF cultures produced the highest proporƟon of CD11c+ cells, however CD103 
expression was very low, with intermediate ALDH expression and low MHCII (Figure 
37, Culture 1). Adding RA to this culture reduced CD11c and MHCII populaƟons, 
with minimal increase in CD103 and ALDH subsets, and the addiƟon of IL-4 provided 
no further improvement in CD103, ALDH, or MHCII expression, while introducing a 
substanƟal contaminaƟng CD45- populaƟon (Figure 37, Cultures 2-3). BM cells 
cultured in Flt3L had a larger populaƟon of CD103+ cells than those cultured in GM-
CSF but displayed a striking absence of ALDH expression, even in the presence of RA 
(Figure 37, Cultures 4-5). The addiƟon of RA here improved CD45+CD11c+ purity and 
MHCII expression. IL-4 increased the quanƟty of ALDH+ cells in Flt3L cultures with 
RA, but this was sƟll lower compared to GM-CSF cultures (Figure 37 Culture 6, 
Figure 38). Cultures supplemented with both GM-CSF and FLt3L produced relaƟvely 
small populaƟons expressing CD103 and ALDH, whereas the addiƟon of RA 
increased CD103+ and ALDH+ populaƟons (Figure 37 and Figure 38). The addiƟon of 
IL-4 decreased CD103+ and ALDH+ cells but improved CD45+CD11c+ purity (Figure 37, 
Culture 9). The Flt3L and GM-CSF cultures with RA provided the greatest quanƟty of 
CD103+ and ALDH+ populaƟons compared to the other culture condiƟons (Figure 37 
and Figure 38). Flt3L cultures generated cells with a more mature phenotype as 
demonstrated by an increased proporƟon of MHCII expression in comparison to 
GM-CSF and both GM-CSF and Flt3L cultures (Figure 38). All BM culture condiƟons 
produced lower proporƟons of CD103+ cell populaƟons in CD45+CD11c+ cells 
compared to those isolated from the LP, and RA cultures except that treated with 
Flt3L alone all contained higher proporƟons of ALDH+ cells than SI LP DCs (Figure 
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38). Flt3L cultures have similar MHCII expression to LP DCs suggesƟng a more 
mature phenotype. Due to the relaƟvely higher levels of ALDH+ and CD103+ 
populaƟons, the Flt3L, GM-CSF and RA culture was further assessed for suitability 
for producƟon of in vitro-derived gut-like DCs. 
Flt3L, GM-CSF and RA derived cells were enriched for CD11c using posiƟve-selecƟon 
(MACS) and analysed by flow cytometry. Staining for F4/80 was used to idenƟfy 
macrophages. Two populaƟons of CD45+CD11c+ cells were observed (Figure 39). 
The CD45hiCD11chi populaƟon had a low proporƟon of CD103+ cells (17%) and a high 
quanƟty expressed F4/80 (65%), suggesƟng a primarily macrophage populaƟon. The 
CD45intCD11clo populaƟon had low CD103+ (8%), lower F4/80+ (21%) populaƟons 
with just over half expressing MHCII (61%). This suggests a heterogenous populaƟon 
consisƟng of macrophages and DCs. Although this culture increased CD103+ and 
ALDH+ populaƟons in BM cells, it does not produce a culture of predominantly gut-
like cDCs (Figure 37). 
While we achieved levels of ALDH that met or exceeded that observed in vivo, no 
culture condiƟon produced a prominent populaƟon of CD103+CD11b+ (DP) cDC2s 
(as observed in vivo), and significant contaminaƟon with F4/80+ macrophages was 
observed. Since the DP cDC2 subset is the most prominent in the small intesƟne, a 
culture mostly composed of these cells is desirable. Therefore, opƟmising BM 
cultures further with GM-CSF, Flt3L and RA was carried out to generate a culture of 
predominantly DP cDCs.  
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Figure 37. Expression of CD103 and ALDH on bone marrow DCs varies depending on the combinaƟon of 
growth factors and cytokines provided.  
BM were cultured with GM-CSF, Flt3L or in combinaƟon, with or without RA and/orIL-4. RA was added on D3 
and IL-4 for the last 24h (Table 6). Cells were labelled with fluorescent anƟbodies to the indicated surface 
markers, or a fluorescent marker of ALDH expression, and assessed by flow cytometry. GaƟng for CD45+CD11c+ 
cells was performed as indicated. RepresentaƟve of 3 independent experiments.  
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Figure 38. Bone marrow cells cultured in a combinaƟon of GM-CSF, Flt3L and RA increases both CD103 and 
ALDH expression.  
BM cells were cultured as described in Table 6 and expression of the indicated markers analysed using flow 
cytometry. Analysis of SI LP DCs is provided for comparison. A, Graph shows proporƟon of SI LP expressing the 
indicated marker. B-D, Graphs depict the proporƟon of BMDCs expressing (B) CD103, (C) ALDH or (D) MHCII 
under the indicated culture condiƟons. Cells were first gated as CD45+CD11c+. Means +/- SEM is shown. Results 
are pooled data from 3 independent experiments. *P < 0.05, **P < 0.005; One-way ANOVA with Tukey’s 
mulƟple comparisons test.  
 
 
Figure 39. Culture of bone marrow cells with Flt3L, GM-CSF, and RA generates a populaƟon with high 
expression of macrophage marker F4/80.  
BM cells were cultured in GM-CSF, Flt3L and 5 days with RA, harvested on day 8 and enriched for CD11c using 
MACS. Cells were analysed by flow cytometry and gated for CD45hi/CD11chi and CD45int/CD11cint. F4/80 isotype 
control represented as the light grey overlay. Data from a single preliminary experiment. 
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5.3.3 SequenƟal exposure to Flt3L, GM-CSF and RA induces a populaƟon of cDC with 
gut-like characterisƟcs.  
Culture of BM cells with GM-CSF, Flt3L and RA (Figure 37, culture 8, and Figure 39) 
produced a substanƟal contaminaƟon with F4/80+ cells, and did not generate a 
prominent DP cDC2 populaƟon (Figure 39). Mice devoid of GM-CSF expression sƟll 
have a high number of intesƟnal cDCs. However this cytokine has been proven to be 
important for development of DP cDC2s in the small intesƟne, with the absence of 
GM-CSFR greatly reducing the proporƟon of this subset (Bogunovic et al., 2009). 
ILCs and stromal cells within the intesƟnal LP are suggested to be an important 
source of GMCSF, suggesƟng that it acts late in cDC development (Mortha et al., 
2014; Vicente-Suarez et al., 2015). Therefore, the ability of GM-CSF to induce cDC 
development in bone marrow cultures may be dependent on Ɵming. This was 
demonstrated in studies where the addiƟon of GM-CSF to Flt3L cultures for the last 
48h induced an increase in CD103 and Aldh1a2 expression (Yokota et al., 2009; 
Jackson et al., 2011). This effect was also evident in our study, whereby the addiƟon 
of GM-CSF to Flt3L BM cultures for the last 48h led to a proporƟonal increase in the 
cDC1 and DP cDC2 populaƟons, and also reduced contaminaƟon with F4/80+ 
macrophages (Figure 40C).  
AddiƟon of GM-CSF to Flt3L BM cultures for the last 48h resulted in a purer DC 
populaƟon. However, previous studies employing GM-CSF with Flt3L cultures 
showed that the resulƟng DCs lacked many prototypical characterisƟcs of SI cDCs, 
such as TLR expression and subset-specific surface expression such as TLR3 and 
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Clec9a in cDC1s, and TLR11 and CD101 in cDC2s (Zeng et al., 2016). RA is vital for 
the expression of specific markers associated with intesƟnal cDC1 and cDC2 subsets 
in vivo, acƟng from both within the bone marrow and in the SI LP itself (Zeng et al., 
2013, 2016). Levels of RA are highest in the SI due to dietary vitamin A, therefore 
the condiƟoning effects are likely to occur further along the developmental Ɵmeline 
for cDCs. Therefore, the effects of adding RA for the last 48 of culture were tested. 
When both GM-CSF and RA were applied to Flt3L cultures for the last 48h, there 
was an increase in the DP cDC2s populaƟon, and a decrease in the cDC1 populaƟon, 
compared to Flt3L cultures that only received GMCSF for the last 48 hours (Figure 
40D). Therefore, applying both GM-CSF and RA to Flt3L cultures for the last 48h 
generates a high density of predominantly DP cDC2s, the subset that is most 
prominent in the SI LP. To confirm that these DP cDC2s were phenotypically similar 
to their in vivo counterparts, the expression of ALDH was analysed. Applying both 
GM-CSF and RA to Flt3L cultures for the last 48h led to a dramaƟc increase in 
expression of ALDH compared to cultures with no addiƟon of RA (P<0.0005, 2-way 
ANOVA, Sidaki’s comparison) (Figure 41D). Furthermore, expression of the pDC 
marker CCR9 was absent (Figure 41B-D). The DP cDC2 subset is the most abundant 
in these BM cultures, with a further prominence in those with RA present (P 
<0.0001, 2-way ANOVA, Sidaki’s comparison) (Figure 41E). Therefore, applicaƟon of 
both GM-CSF and RA to Flt3L cultures for the last 48h leads to a gut-like populaƟon 
of predominantly DP cDC2s. For the rest of the dissertaƟon, these cultures will be 
referred to as gDCs. Comparable cultures without RA will be referred to as BMDCs. 
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This is an improved method over exisƟng protocols that require pre-treatment of 
mice and subsequent cell sorƟng for pre-cDCs in BM (Zeng et al., 2016). 
 
Figure 40. Adding both GM-CSF and RA for the last 48 hours of Flt3L-BM cultures increases DC purity, 
improves CD103 and CD11b expression, and lowers F4/80 expression.  
BM cells were cultured in (A) Flt3L with GM-CSF and (B) with the addiƟon of RA for the last 48 hours of the 8-
day culture. (C) GM-CSF was added to Flt3L cultures for the last 48h and with (D) the addiƟon of RA. Cells were 
gated for CD45+/CD11c+ expression to analyse CD103, CD11b, F4/80 and MHCII expression. Data representaƟve 
of one experiment. 
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Figure 41. OpƟmised culture condiƟons of BM cells produce a high purity of DCs with gut-like characterisƟcs. 
A, BM cells were cultured for 8 days in 200ng/ml Flt3L with 20ng/ml GM-CSF (BMDCs) and 1µM RA (gDCs) 
added for the last 48h. Cultures were enriched for CD11c+ cells using MACS. B-C, cells were analysed by flow 
cytometry and gated for CD45+/CD11c+ cells, with ALDEFLUOR control (DEAB), CCR9 and F4/80 isotype controls 
shown as light grey overlays in histograms. D, relaƟve expression of cell surface markers for BMDCs and gDCs. 
Purity represents proporƟon of CD45+/CD11c+ cells in live gaƟng. Results are pooled data from 4 independent 
experiments. E-F, CD45+/CD11c+ cells were analysed for cDC subsets based on CD103 and CD11b expression. G, 
ALDH expression in cDC subsets. Flow plots are representaƟve of 5 independent experiments, with graphs 
showing pooled data  from the 5 independent experiments. Graphs ploƩed as means with SEM. AbbreviaƟons; 
ALDH: ALDEFLUOR. *P < 0.05, ***P < 0.0005, ****P < 0.0001. Two-way ANOVA with Sidaki’s mulƟple 
comparisons test. 
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5.3.4 Coculture of dendriƟc cells with organoids can cause an increase in circularity 
The objecƟve for this part of the study was to provide a co-culture model of the 
intesƟnal epithelium with gut-like DCs. AŌer establishing an in vitro culture of gut-
like DCs, it had to be determined whether culture of these DCs with organoids 
would cause any morphological changes to the organoids. Organoids take on a 
rounded, cysƟc appearance when cultured with LP leukocytes from inflamed, but 
not control, mice (Ihara et al., 2018). This appearance likely results from the 
producƟon of cytokines by inflammatory DCs, which increase cellular shedding in 
the intesƟnal epithelium (Kiesslich et al., 2012). Since gut-like DCs are being 
generated from BM in this study, they would not have been exposed to 
inflammatory signals and should therefore be non-inflammatory. Therefore, 
addiƟon of these DCs to organoids should establish whether they drive increased 
cellular shedding that would be indicaƟve of an inflammatory phenotype. BMDCs 
and gDCs were added to organoid wells at a density of 1x106/ml and incubated for 
24h (Figure 42A). Brighƞield images of organoids were obtained at the Ɵme of DC 
addiƟon (0h) and aŌer 24h (Figure 42B-D). These images were used to obtain 
circularity results since this would be representaƟve of the increased cellular 
shedding incurred during inflammaƟon. During cellular shedding cells are released 
into the lumen of organoids, therefore increased cellular shedding would increase 
the volume of the lumen, expanding the organoid as a whole. Circularity was 
assessed by tracing organoids using ImageJ soŌware and obtaining values of 
perimeter (P) and area (A) to calculate the circularity (4πA/P2) (Figure 42E). At this 
cell density of BMDCs and gDCs, organoids did not increase their circularity over 24h 
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as compared to organoids cultured alone, indicaƟng a non-inflammatory DC 
phenotype. Although no posiƟve control was used in these experiments, previous 
experiments conducted as part of my MRes (Johnston, 2015 MRes project, 
University of Liverpool) revealed the addiƟon of IFN-γ to BMDCs cultured in GM-CSF 
and IL-4 increased cellular shedding and circularity aŌer 24h of co-culture (L. 
Johnston, 2015 MRes Project, unpublished data).  
 
Figure 42. BM-derived gut-like DCs do not increase cell shedding of organoids. 
BMDCs and gDCs were harvested aŌer 8 days in culture and enriched for CD11c by MACS. A, 2x106/ml of cells 
were added to organoid wells and (B) brighƞield images of organoids were taken at 0h and 24h of organoids 
without DCs, (C) organoids with BMDCs, (D) and organoids with gDCs. E, Circularity of organoids in the three 
cultures were calculated using ImageJ soŌware. Data from a single preliminary experiment. Graph shows mean 
+/- SEM. Duplicate samples of cocultures per condiƟon, two replicate images per sample, except for the 
organoid control sample where single images were obtained. Scale bar: 200µm 
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To assess the densiƟes and culture period whereby circularity of organoids is 
affected, increasing quanƟƟes of BMDCs and gDCs were added to organoids over a 
72h Ɵme-period. Brighƞield images and circularity of organoids were obtained as 
previously described. AŌer 24h of coculture, organoid circulariƟes were similar to 
those not cultured with DCs (Figure 43). AŌer 48h, organoids became more circular 
in both BMDCs and gDCs with greatest organoid circularity reached aŌer 72h of 
coculture (Figure 43). However, aŌer 24h organoid circularity does not increase, 
verifying the use of DC/organoid cocultures for this period of Ɵme. Cell shedding 
was evident in live imaging of cocultures whereby shedding occurred in conjuncƟon 
with DC contacts and may suggest a reason for the increased circularity (Movie S4). 
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Figure 43. BM-derived gut-like DCs increase organoid circularity over an extended culture period. 
BMDCs and gDCs were harvested aŌer 8 days and enriched for CD11c by MACS. Different densiƟes were added 
to organoid cultures and brighƞield images of organoids were obtained every 24h over a 72h period. Circularity 
was calculated using ImageJ soŌware. BMDCs and gDCs were added to organoid cultures at (A) 1x104 cells per 
well (1x105/ml), (B) 5x104 cell per well (2.5x105/ml), and (C) 1x105 cells per well (5x105/ml). Data from a single 
preliminary experiment. Graphs show mean+/- SEM. Duplicate coculture samples per condiƟon, two replicate 
images per sample. Scale bar: 200µm 
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5.3.5 BMDCs and gDCs show similar characterisƟcs to SI LP DCs in culture with 
organoids 
With the generaƟon of gut-like DC cultures and isolaƟon of DCs from the SI LP, the 
next step was to characterise all sets of DCs when in culture with the small intesƟnal 
epithelium in the form of organoids. These cocultures would determine the 
morphology of BM-derived DCs and their interacƟons with organoids compared to 
intesƟnal DCs. Organoid and DC coculture methods were opƟmised using BMDCs 
and gDCs due to their ease of producƟon and high cell yields. DCs were CD11c-
enriched and labelled with CFSE as described above (chapter 2.10.2, page 110). The 
cells were suspended in Matrigel, added to ROSAmT/mG organoids, and plated onto 
culture dishes. AŌer polymerisaƟon of the Matrigel phenol red-free medium was 
added and the samples imaged using 2-photon microscopy. Z-stack images were 
obtained over a 50-minute period at 2-minute intervals. These provided 3D Ɵme-
lapse images of the cocultures. Imaris soŌware (Bitplane) was used for analysis as 
described above (chapter 2.10.3, page 111). OpƟmum cell density of DCs added to 
organoid cultures was established as 4.4x105/ml to provide at least 10 DCs per z-
stack image, assessed by live imaging. With the opƟmised protocol, LP DCs were 
also labelled with CFSE, added to the Matrigel of ROSAmT/mG organoids and imaged 
using 2-photon microscopy. The ‘surfaces’ funcƟon in Imaris soŌware (Bitplane) was 
also used for assessing moƟlity and morphology of DCs with corresponding movies 
(Movie S5-6).  
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Figure 44. Morphology of DCs in culture with organoids reveal heterogeneity in cell morphology 
BMDCs and gDCs were generated by culture of BM cells and SI LP DCs were isolated as described above. DCs 
were labelled with CFSE and added to the Matrigel of ROSAmT/mG organoids for live imaging by 2-photon 
microscopy. Z-stack Ɵme-lapse images were obtained and analysed using Imaris soŌware. (A) Single Ɵmepoint 
from a two-photon movie showing CFSE-labelled BMDCs (green) co-cultured with Rosa-mT/mG organoids (red). 
White arrow indicates a DC extending a process, while blue arrow indicates a DC with rounded morphology and 
red arrows indicate BMDCs with amoeboid morphology. Whole images can be viewed in Movie S5 (B) Single 
Ɵmepoint from a two-photon movie showing CFSE-labelled gDCs (green) co-cultured with Rosa-mT/mG 
organoids (red). White arrow indicates a DC extending a process, while blue arrow indicates a DC with rounded 
morphology and red arrows indicate gDCs with amoeboid morphology. Whole images can be viewed in Movie 
S6 (C) Single Ɵmepoint from a two-photon movie showing CFSE-labelled SI LP DCs (green) co-cultured with Rosa-
mT/mG organoids (red). White arrow indicates a DC extending a process, while blue arrow indicates a DC with 
rounded morphology and red arrows indicate SI LP DCs with amoeboid morphology. Whole images can be 
viewed in Movie S7. Figure representaƟve of 3 independent experiments, one sample per coculture, duplicate 
replicates per sample. 
DC morphology was quanƟfied by performing sphericity and volume measurements 
in Imaris. In all cultures, a mixture of cells that extended cytoplasmic projecƟons 
(dendrites) and those that remained more rounded were observed with some cells 
taking on amoeboid or stellate morphologies (Figure 44, Movie S5, Movie S6, Movie 
S7). The gDC populaƟon were less spherical than BMDCs and SI LP DCs indicaƟng a 
greater amount of dendriƟc processes (Figure 45C), with SI LP DCs exhibiƟng smaller 
volumes than gDCs and BMDCs (Figure 45F). 
SI LP DCs possessed a higher mean speed over the duraƟon of culture (P <0.0001, 
one-way ANOVA with Tukey’s mean comparison test) with longer track lengths than 
either BMDCs or gDCs (P <0.005 and P <0.05, respecƟvely) (Figure 45A and D). 
However, analysis of maximum displacement from the point of origin showed that 
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gDCs travelled smaller distances than BMDCs and SI LP DCs (P <0.0005 and P 
<0.0001, respecƟvely) (Figure 45B). SI LP DCs are therefore more moƟle and travel 
further distances than gDCs and BMDCs. However, the track straightness is greater 
in BMDCs suggesƟng a confinement in the migraƟon in SI LP DCs and gDCs (P 
<0.0001) (Figure 45E). The moƟlity analysis of SI LP DCs may suggest the presence of 
a sub-populaƟon with higher speeds, greater displacement, and longer track lengths 
(Figure 45A, B, and D). This populaƟon may be due to the composiƟon of subsets in 
the SI LP and may consƟtute cDC1 cells. However, these may also represent 
contaminaƟng macrophages since these were not eliminated during isolaƟon. The 
sphericity of gDCs was less than both BMDCs and SI LP DCs (P <0.0005) (Figure 45C), 
with SI LP DCs also significantly smaller in volume than both BMDCs and gDCs 
(Figure 45F) (P<0.0001, One-way ANOVA with Tukey’s mean comparison test). 
 
Figure 45. SI LP DCs exhibit greater speed and moƟlity and smaller volume than gDCs and BMDCs   
BMDCs, gDCs and LP DCs were cultured with organoids and imaged over a 50-minute period at 2-minute 
intervals by 2-photon microscopy. Z-stack Ɵme-lapse images were assessed using Imaris soŌware to calculate 
moƟlity and morphology of DCs. The ‘surfaces’ funcƟon in Imaris was used to calculate (A) mean speed (µm/s). 
(B) track displacement (µm), (C) sphericity, (D) track length (µm), (E) track straightness, (F) volume (µm3) of DCs. 
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BMDCs and gDCs are representaƟve of 4 independent experiments, SI LP DCs representaƟve of 3 independent 
experiments. Graphs ploƩed as means with +/- SEM. Duplicate samples per condiƟon. *P <0.05, **P <0.005, 
***P <0.0005, ****P <0.0001 (one-way ANOVA with Tukey’s mean comparison test)  
5.3.6 DCs interact with the organoid surface 
Imaging the interacƟons of DCs with the small intesƟnal epithelium have been 
carried out using live mice and demonstrated CD103+ DCs crawling along the 
surface of the epithelium (Farache et al., 2013). These close interacƟons are 
important for anƟgen transfer from the lumen to iniƟate pathogen clearance or 
tolerance towards infecƟons or commensal bacteria, respecƟvely. AnƟgen is 
transferred to DCs through transepithelial dendrites that extend between epithelial 
cells to reach the lumen, or through anƟgen transfer by Goblet cells (McDole et al., 
2012; Farache et al., 2013). The close associaƟon of DCs with the epithelium is also 
thought to expose DCs to RA and TGF-β that condiƟons DCs to express CD103 and 
Aldh1a2 (Bain et al., 2017). In our study BMDCs, gDCs, and SI LP DCs were observed 
interacƟng with the surface of organoids, with a porƟon of cells remaining aƩached 
throughout the Ɵme lapse period of 50 minutes. Some were immoƟle and extended 
processes along the surface of organoids, mainly seen in BMDC cocultures (Figure 
46A, Movie S8). BMDCs remained fixed to a point of aƩachment whereas gDCs were 
seen to crawl further distances along the organoid surface (Figure 46B, Movie S9), 
with SI LP DCs observed to crawl much further than both BMDCs and gDCs (Figure 
46C, Movie S10). The proporƟon of DCs in contact with organoids to those that 
were not in contact was similar between BMDCs, gDCs and SI LP DCs (Figure 47). 
Those cells in contact with organoids were analysed for their duraƟon in contact 
and their speed (Figure 47). The duraƟon of the contacts between organoids and 
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DCs was calculated manually by inspecƟng movies frame-by-frame. SI LP DCs were 
in contact with organoids for a shorter period of Ɵme compared to BMDCs and gDCs 
(P <0.005 and P <0.05, respecƟvely, one-way ANOVA with Tukey’s means 
comparison test) with greater moƟlity as determined by their mean speed (P 
<0.0001). SI LP DCs displayed a higher mean speed while in contact with the 
epithelium, which may allow for more efficient scanning of the epithelial surface for 
invasive pathogens or sites of epithelial infecƟon. Overall, BMDCs, gDCs and SI LP 
DCs interact with the surface of organoids, with SI LP DCs showing a greater 
crawling ability. This is possibly owing to a more condiƟoned phenotype since they 
were derived from the LP of the small intesƟne where they are exposed to factors 
required for their full development. 
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Figure 46. DCs isolated from the SI LP and gDCs crawl along the organoid surface  
DCs cultured from bone marrow and those isolated from the SI LP were cultured with organoids and Ɵme-lapse 
images were acquired by 2-photon microscopy. Images show 10 minutes of each DC coculture. A. BMDCs 
aƩached to organoids extended processes along the surface but were less moƟle. Whole images can be viewed 
in Movie S8. B. Organoid cocultures with gDCs displayed greater crawling ability. Whole images can be viewed in 
Movie S9. C. SI LP DCs were more moƟle than cultured DCs and possessed higher crawling abiliƟes. White 
arrows mark the DCs of interest. Whole images can be viewed in Movie S10. D, tracks of DCs are represented as 
mulƟcoloured cylindrical tracks. Figures representaƟve of 3 independent experiments. 
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Figure 47. DCs from the SI LP are in direct contact with organoids for a shorter Ɵme and at greater speeds 
than those cultured from BM.  
DCs cultured from bone marrow and those isolated from the SI LP were cultured with organoids and Ɵme-lapse 
images were acquired by 2-photon microscopy. Images were analysed by Imaris soŌware to obtain 
measurements of DC moƟlity and morphology. The proporƟons of DCs in each sample that were in contact with 
organoids were determined, the amount of Ɵme the interacƟons occurred as measured by frames, and the 
mean speed while interacƟng. Data representaƟve of 4 independent experiments for BMDCs and gDCs, and 3 
independent experiments for SI LP DCs. Graphs ploƩed as mean and SEM. *P <0.05, **P <0.005, ****P <0.0001, 
one-way ANOVA with Tukey’s means comparison test. 
5.3.7 Gut-like dendriƟc cells enter the lumen of organoids, or extend processes to 
sample the luminal space 
A characterisƟc of SI LP DCs is their ability to extend processes between epithelial 
cells into the luminal space for sampling. Luminal sampling was evident in 
cocultures of gDCs and ROSAmT/mG organoids (Figure 48, Movie S11A-C). The gDCs 
aƩached to the outer surface of the organoids and extended dendriƟc processes 
between epithelial cells into the luminal space. Over Ɵme, the extended dendrite 
acƟvely changed shape and direcƟon (Figure 48A, Movie S11A). Although this 
occurrence was rare (observed in two of eight experiments), it was only seen in 
gDCs and not BMDCs or SI LP DCs.  
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Figure 48. BM-derived gDCs interact with the surface of organoids with evidence of luminal sampling. 
2-photon z-stack Ɵme-lapse imaging of gDCs cocultured with ROSAmT/mG organoids for 50 minutes at 2-minute 
intervals.  DCs were cultured from bone marrow in Flt3L for 8 days, with the last 48h of culture with added GM-
CSF and RA to produce a gut-like phenotype. Cells were labelled with CFSE and added to organoids cultured 
from ROSA mice with z-stack, Ɵme-lapse images obtained using 2-photon microscopy. A, single pane of Ɵme-
lapse imaging of a gDCs interacƟng with the surface of organoids and extending dendrites (arrows) into the 
luminal space (white arrow) (doƩed line represents luminal surface). Scale bar 40µm. B, schemaƟc of gDC 
interacƟon with organoids and dendrite projecƟon into lumen. C, SecƟons of z-stack image showing dendriƟc 
process extending between epithelial cells into the luminal space of the organoid. Scale bar: 10µm. Whole 
images can be viewed as Movie S11.  
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CD11c+CX3CR1+CD11b- cells enter the luminal space of the small intesƟne to 
internalise Salmonella but do not return to the Ɵssue (Arques et al., 2009). These 
were termed DCs, however since cDC2s express CX3CR1 and CD11b, these markers 
suggest that the intraluminal populaƟon were likely macrophages, and this was 
verified by flow cytometry analysis of intraluminal CX3CR1+ cells aŌer Salmonella 
infecƟon that expressed F4/80 and not CD103 (Man et al., 2017). Therefore, it 
remains uncertain whether DCs migrate into the lumen to protect the intesƟnal 
epithelium against pathogen invasion. In our study, gDCs were observed within the 
lumen of organoids (Figure 49, Movie S12). Organoids become disrupted during the 
coculture process, breaking them open to expose their luminal surface, therefore 
intraluminal gDCs may be because of this. However, at the start this live imaging 
sample the gDC is partly within the organoid epithelium that may suggest it entered 
the lumen via an intraepithelial pathway (Figure 49, blue arrow). Further 
experiments need to be carried out for longer Ɵme periods to verify this 
characterisƟc. 
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Figure 49. Organoids contained intraluminal gDCs 
gDCs were labelled with CFSE and added to organoids cultured from ROSAmT/mG mice with z-stack, Ɵme-lapse 
images obtained using 2-photon microscopy. An intraluminal gDC (white arrow) was observed with part of the 
cell coming from within the organoid epithelium (blue arrow). Corresponding live image Movie S12 .Scale bar 
10μm. Whole images can be viewed in Movie S12. 
5.3.8 Co-culture with organoids results in downregulaƟon of ALDH in DCs 
The intesƟnal epithelium is thought to condiƟon DCs towards a gut-like phenotype 
by increasing ALDH and CD103 cell populaƟons. To determine if organoids could 
induce ALDH and CD103 expression in BMDCs and gDCs, cells were added to the 
Matrigel of organoid cultures for 24h and analysed by flow cytometry. Purity was 
analysed on the day of coculture to assure addiƟon of phenotypically consistent DCs 
based on CD45+, CD11c+, and F4/80- expression (Figure 50A). The proporƟon of DCs 
expressing CD103 remained unchanged aŌer 24h in coculture with organoids 
(Figure 50Bi). However, the proporƟon of cells expressing ALDH declined in both 
BMDCs and gDCs to almost zero (mean 0.5% and 3.9%, respecƟvely) with this drop 
being significant in gDC cocultures (Figure 50Bii) (P <0.05). This decrease was 
dependent on the presence of organoids, since DCs cultured in Matrigel alone with 
organoid medium maintained ALDH expression.  
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Figure 50. Coculture of DCs with organoids downregulates ALDH expression in DCs. 
BMDCs and gDCs were cultured in Matrigel with B57Bl/6 organoids for 24h before analysing by flow cytometry. 
A, BMDCs and gDCs were analysed by flow cytometry and cultured with organoids. B, AŌer 24h, cocultures 
were analysed by flow cytometry for changes in i) CD103 and ii) ALDH. Data pooled from 4 independent 
experiments. For purity data, 3 results were obtained for CD103, CD11b, and MHCII staining. Duplicate samples 
per condiƟon. Graphs ploƩed as means +/- SEM. *P<0.05 One-way ANOVA with Tukey’s comparison test. 
5.3.9 ReƟnol does not increase ALDH expression in DCs in culture with organoids 
The downregulaƟon in ALDH expression in DCs may be due to a lack of dietary 
vitamin A for the epithelial cells to metabolise into RA that would induce DCs to 
express ALDH. The small intesƟnal epithelium is known as a major source of RA in 
the SI LP, and DCs in the SI LP are condiƟoned by the presence of RA. Therefore, 
providing organoids with a metabolite of vitamin A to increase producƟon of RA 
may induce DC condiƟoning in cocultures. ReƟnol (ROL), a precursor to RA, was 
added to organoid samples cocultured with BMDCs or gDCs in Matrigel as described 
above. DCs were analysed aŌer 24h of culture by flow cytometry (Figure 51). The 
proporƟon of DCs expressing CD103 remained unchanged (Figure 51Bi) whereas 
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ALDH expression declined in both BMDC and gDC cocultures supplied with ROL, 
although only significantly in gDCs (P <0.05) (Figure 51Bii). Therefore, provision of 
reƟnol was not sufficient to maintain or induce expression of ALDH in DC.  
 
Figure 51. AddiƟon of reƟnol to organoid cocultures does not increase ALDH expression in DCs. 
BMDCs and gDCs were added to the Matrigel of organoid samples and cultured for 24h in the presence of 
ReƟnol or vehicle control. Cocultures were removed from Matrigel and assessed by flow cytometry. (A) Flow 
cytometric analysis of purity and subset composiƟon of BMDCs and gDCs prior to culture. (B) Flow cytometric 
analysis of CD103 expression on BMDCs (leŌ) and gDCs (right) following organoid co-culture under the indicated 
condiƟons. (C) Flow cytometric analysis of ALDH expression on BMDCs (leŌ) and gDCs (right) following organoid 
co-culture under the indicated condiƟons. Data are pooled results from 3 independent experiments. Duplicate 
samples per condiƟon were analysed. Graphs depict mean +/- SEM. *P <0.05, one-way ANOVA with Tukey’s 
means comparison test. 
5.3.10 DendriƟc cell subset composiƟon is not altered by co-culture with organoids  
Studies suggest that the SP cDC2 subset can be condiƟoned to become CD103+ by 
exposure to TGF-β, RA from IECs or by direct contact with the small intesƟnal 
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epithelium (McDonald et al., 2012; Bain et al., 2017). Therefore, addiƟon of DCs to 
organoid cultures may induce an increase in the DP cDC2 subset. However, 
following co-culture with organoids for 24h, the subset composiƟon of BMDCs and 
gDCs (as defined by CD11b and CD103 expression) remained unchanged (Figure 52).  
 
Figure 52. Cocultures of DCs with organoids do not affect subset proporƟons 
BMDCs and gDCs were cultured in Matrigel with organoids for 24h and analysed by flow cytometry. A, BMDC 
cocultures were gated for CD45+CD11c+ cells as represented here. B, CD45+/CD11c+ BMDCs were analysed for 
CD103 and CD11b expression. C, gDC cocultures were gated for CD45+CD11c+ cells as represented here. D, 
CD45+/CD11c+ gDCs were analysed for CD103 and CD11b expression Data representaƟve of 3 independent 
experiments. E, the differing expression profiles were quanƟfied for BMDC cocultured with organoids for 24h. F, 
the differing expression profiles were quanƟfied for BMDC cocultured with organoids for 24h. Results show 
pooled data from 3 independent experiments. Graphs ploƩed as means +/- SEM. No significant differences, one-
way ANOVA with Tukey’s means comparison test. 
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5.3.11 InjecƟons of CpG into organoids does not maintain ALDH expression in DCs 
Exposure of organoids to ROL alone may not be sufficient to induce ALDH 
expression in DCs and may depend on other sƟmulatory factors such as TLR 
signalling that induce IECs to express factors known to condiƟon DCs. For example, 
TLR9 is responsible for detecƟng unmethylated CpG sequences in pathogen-derived 
DNA in host cell endosomes. TLR9 signalling in IECs sƟmulates the producƟon of 
galecƟn-9, a factor that drives ALDH expression in DCs (De Kivit et al., 2017; Hayen 
et al., 2018). Therefore, subjecƟng organoids to TLR9 sƟmulaƟon may support ALDH 
expression in BMDCs and gDCs. To restrict TLR9 sƟmulaƟon largely to IECs, 5µM 
CpG ODN was microinjected into the lumen of organoids. At least 10 organoids per 
sample were injected and PBS was microinjected as a vehicle control. An addiƟonal 
control for physical damage to the organoids was also performed, with organoids 
being pierced with the microneedle but not injected.  24h later, BMDCs and gDCs 
were added to the cultures for a further 24h before being analysed by flow 
cytometry (Figure 53 and Figure 54).  
CD11c expression was used to disƟnguish DCs from epithelial cells, which were then 
analysed for CD103, CD11b, ALDH, and CCR7 expression. Firstly, BMDC cultures 
were analysed and those in culture with organoids injected with CpG only slightly 
increased ALDH expression in BMDCs compared to PBS and piercing controls (Figure 
53). However, ALDH expression was sƟll lower than in BMDCs cultured alone (Figure 
53 and Figure 55A). This reducƟon in ADLH expression may be due to the lack of a 
cosƟmulatory factor in organoids to induce ALDH expression in BMDCs or through 
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the presence of inhibitory factors expressed by organoids. CCR7 is a chemokine 
receptor in cDCs that is upregulated upon acquisiƟon of anƟgen for migraƟon to 
MLNs and was assessed in these microinjecƟon cocultures. There were greater 
proporƟons of BMDCs expressing CCR7 when in culture with organoids (Figure 55B).   
 
Figure 53. MicroinjecƟons of CpG into the lumen of organoids does not increase ALDH expression in 
cocultured BMDCs. 
Organoids were microinjected with 5µM CpG ODN into the luminal space and incubated for 24h. As controls, 
organoids were microinjected with PBS and others pierced with a microneedle (BMDCs + Orgs + Inj). BMDCs 
were added to the Matrigel of organoid samples and assessed by flow cytometry aŌer 24h. Cells were analysed 
for CD103, CD11b, ALDH and CCR7 aŌer gaƟng for CD11c+ cells. Light grey overlay in CCR7 histograms represent 
CCR7 isotype control. Data representaƟve of one independent experiment. Duplicate samples for BMDCs + Orgs 
+ CpG and BMDCs + Orgs + PBS. Single samples for BMDCs + Orgs + Inj and BMDCs. 
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The gDC cocultures were also assessed for ALDH and CCR7 expression. The gDCs co-
cultured with CpG-sƟmulated organoids sƟll showed a reducƟon in ALDH expression 
compared to gDCs cultured alone, but this reducƟon was less than in the presence 
of PBS-injected, or microneedle pierced organoids (Figure 54 and Figure 55A). Since 
gDCs and BMDCs cultured in Matrigel alone with organoid medium did not affect 
ALDH expression, it is likely that the organoids are producing inhibitory factors that 
prevent ALDH expression. As with BMDC coculture samples, CpG may be acƟng to 
counteract these inhibitory effects in gDC cocultures. Repeated experiments are 
required to verify this, with possible improvements by increasing CpG concentraƟon 
and the number of injected organoids. These preliminary results also indicate an 
increase in CCR7 expression in gDCs in culture with injected CpG, PBS, or 
microneedle pierced organoids (Figure 55B).  
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Figure 54. MicroinjecƟons of CpG into the lumen of organoids does not increase ALDH expression in 
cocultured gDCs. 
Organoids were microinjected with 5µM CpG ODN into the luminal space and incubated for 24h. As controls, 
organoids were microinjected with PBS and others pierced with a microneedle (gDCs + Orgs + Inj). The gDCs 
were added to the Matrigel of organoid samples and assessed by flow cytometry aŌer 24h. Cells were analysed 
for CD103, CD11b, ALDH and CCR7 aŌer gaƟng for CD11c+ cells. Light grey overlay in CCR7 histograms represent 
CCR7 isotype control. Data representaƟve of one independent experiment. Duplicate samples for gDCs + Orgs + 
CpG and gDCs + Orgs + PBS. Single samples for gDCs + Orgs + Inj and gDCs. 
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Figure 55. Organoids microinjected with CpG limited the reducƟon in ALDH expression in BMDCs and gDCs 
Organoids were microinjected with 5µM CpG ODN into the luminal space and incubated for 24h. As controls, 
organoids were microinjected with PBS and others pierced with a microneedle (DCs + Orgs + Inj). DCs were 
added to the Matrigel of organoid samples and assessed by flow cytometry aŌer 24h. Cells were gated for 
CD11c and quanƟfied for expressing ALDH in (A) BMDCs and (B) gDCs. Data representaƟve of one experiment. 
Duplicate samples for cocultures with CpG and PBS. Single samples for pierced organoids and DCs.  
5.3.12 Organoids infected with T. gondii causes a change in DC morphology 
IntesƟnal DCs play a dual role in T. gondii infecƟon: they produce IL-12 to drive 
protecƟve IFN-γ responses, and their migratory pathways are co-opted by the 
parasite to aid its spread throughout the body.  At present, it is uncertain how T. 
gondii migrates across the small intesƟnal epithelium to infect DCs, how the 
infected epithelium communicates with DCs to iniƟate protecƟve responses, and 
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how DCs influence IECs during infecƟon. Cocultures of infected organoids and 
intesƟnal DCs would provide a valuable tool in evaluaƟng these quesƟons. 
ROSAmT/mG organoids were infected with the Cre-expressing line of T. gondii Pru-
tdTomato as described above (chapter 2.5, page 100). Infected samples were 
incubated for 24h to allow epithelial cells to mount an inflammatory response to 
infecƟon, as well as allowing for any remaining extracellular parasites to perish. It 
was hoped that this approach would limit direct infecƟon of DCs by tachyzoites that 
had not first come into contact with the small intesƟnal epithelium. As a further 
control, T. gondii was incubated in Matrigel in the absence of organoids. AŌer 24h, 
gDCs were labelled with CFSE and added to infected and uninfected organoids in 
Matrigel, and to Matrigel containing T. gondii alone. Live imaging was performed by 
two-photon microscopy. Z-stack images were obtained from samples over a 1h 
period at 2-minute 40 second intervals. The increased Ɵme intervals in comparison 
to previous DC/organoid coculture imaging experiments allowed for deeper z-stacks 
to be acquired, anƟcipaƟng potenƟal increased moƟlity in gDCs. Time-lapse images 
were analysed by Imaris soŌware using the ‘surfaces’ funcƟon to quanƟfy gDC 
moƟlity as before (Figure 56). 
Page | 233  
 
 
Figure 56. Organoids infected with T. gondii do not affect gDC moƟlity but affects gDC morphology 
Organoids from ROSAmT/mG mice were infected with T. gondii Pru-tdTom-Cre as described previously. Cocultures 
of infected organoids with gDCs and gDCs with T. gondii in Matrigel were imaged over a 1h period at 2:40min 
intervals to generate a 3D Ɵme-lapse image. MoƟlity of gDCs was quanƟfied to obtain measurements for mean 
speed, track length and displacement and straightness, sphericity, and volume. Data representaƟve of 3 
independent experiments. Duplicate images obtained per sample, one sample per condiƟon. *P <0.05, **P 
<0.005, ***P <0.0005, ****P <0.0001, one-way ANOVA with Tukey’s means comparisons test. 
Organoids infected with T. gondii did not have any significant effects on gDC moƟlity 
when compared to uninfected organoids (Figure 56). However, gDCs in culture with 
organoids regardless of infecƟon affected gDC moƟlity compared to gDCs in culture 
with T. gondii alone. The gDCs in culture with organoids had a higher mean speed 
and longer track length but had a reduced track straightness indicaƟng confinement 
of their increased moƟlity (Figure 57B, Movie S14). The gDCs cultured with T. 
gondii-infected organoids were larger and had more cytoplasmic projecƟons 
(indicated by volume and reduced sphericity, respecƟvely)(Figure 57C, Movie S15) 
than gDCs cultured with uninfected organoids. However, these alteraƟons in gDC 
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morphology were also observed when gDCs were cultured with T. gondii alone, 
suggesƟng that communicaƟon with the epithelium played no significant role 
(Figure 57, Movie S13). No differences were observed in the proporƟon of gDCs 
contacƟng the organoid surface in the presence or absence of infecƟon. In some 
instances, gDCs extended and retracted processes that connected to infected 
organoids, although this was never observed at sites of infecƟon (Figure 58).  
 
Figure 57. Cultures of gDCs with T. gondii appear to contain more projecƟons than in uninfected organoid 
cultures 
Infected and uninfected ROSAmT/mG organoids were cultured with gDCs labelled with CFSE, and gDCs were 
cultured with T. gondii Pru-tdTom-Cre as a control. Time-lapse images were acquired over a 1h period at 
2:40min intervals using 2-photon microscopy. A, Single Ɵmepoint from a two-photon movie showing gDCs 
(green) cultured with T. gondii (red) in Matrigel. White arrow indicates extended dendrite. Whole images can be 
viewed in Movie S13. B, Single Ɵmepoint from a two-photon movie showing gDCs (green) cultured with 
organoids (red) in Matrigel. White arrow indicates extended dendrite. Whole images can be viewed in Movie 
S14. C, Single Ɵmepoint from a two-photon movie showing gDCs (green) cultured with organoids (red) infected 
with T. gondii (red) in Matrigel. White arrow indicates extended dendrite. Blue arrows indicate examples of 
infected eGFP+ cells and infected eGFP- cells. Whole images can be viewed in Movie S15. Figures representaƟve 
of 3 independent experiments. 
Although gDCs were not directed toward infected cells, there were some indicaƟons 
that infecƟons affected gDC behaviour. On one occasion, a gDC aƩached to an 
organoid extended a projecƟon along the surface towards a newly infected cell 
(Figure 59A, Movie S16). Due to the T. gondii parasite being singular and therefore 
having not replicated, and its closeness to the surface of the organoid, it is possible 
that this is an early stage of infecƟon (Figure 59B).  
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Figure 58. Gut-like DCs establish connecƟons with the surface of organoids through the extension of 
processes. 
Organoids from ROSAmT/mG mice were infected with T. gondii Pru-tdTom-Cre as described previously. Cocultures 
of infected organoids with gDCs labelled with CFSE were imaged over a 1h period at 2:40min intervals to 
generate a 3D Ɵme-lapse image. Some gDCs extended processes that aƩached to the organoid surface (white 
arrows). Scale bar: 5µm 
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Figure 59.Gut-like DCs aƩached to the surface of organoids extend processes towards sites of infecƟons. 
Organoids infected with T. gondii for 24h were cocultured with gDCs and Ɵme-lapse images were obtained as 
previously described. A. AƩached gDCs to the surface of organoids extended processes (white arrow) towards 
sites of infecƟon (blue arrow). B. Cross-secƟon of infected organoids shows the parasite (blue arrow in A) within 
organoid cells (organoid surface marked with doƩed line). Whole images can be viewed in Movie S16 
5.3.13 Phagocytosed T. gondii are destroyed by gDCs 
IntesƟnal DCs infected with T. gondii exhibit a hypermoƟle phenotype that aids in 
the disseminaƟon of the parasite throughout the body (Fuks et al., 2012; Weidner 
et al., 2013; Kanatani et al., 2017). However, T. gondii can also be phagocytosed and 
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destroyed by DCs. Cocultures of gDCs with organoids infected for 24h with T. gondii 
displayed gDCs with internalised parasites that lost fluorescence over a relaƟvely 
short period of Ɵme indicaƟng parasite death (Figure 60). Extracellular parasites 
were not seen to lose fluorescence intensity over the Ɵme-lapse periods. This gDC 
presented here did not undergo a hypermoƟle phenotype that only occurs aŌer 
acƟve invasion of a live parasite (Weidner and Barragan, 2014), suggesƟng this T. 
gondii was phagocytosed.  
 
Figure 60. Phagocytosed T. gondii are destroyed by gDCs 
Organoids from ROSAmT/mG mice were infected with T. gondii Pru-tdTom-Cre as described previously. Cocultures 
of infected organoids with gDCs labelled with CFSE were imaged over a 1h period at 2:40min intervals to 
generate a 3D Ɵme-lapse image. The gDC shown here contains a T. gondii that loses fluorescence indicaƟng the 
death of the parasite. Scale bar 10μm 
5.3.14 Toxoplasma gondii-invaded gDCs display a change in morphology 
DCs infected with T. gondii increase in moƟlity, a funcƟon that aids in parasite 
disseminaƟon throughout the body (Fuks et al., 2012; Weidner et al., 2013; 
Weidner and Barragan, 2014; Kanatani et al., 2017). Although the overall mean 
speeds of all gDCs in culture with infected organoids were similar to those in 
uninfected cultures, hypermoƟle gDCs that had been directly invaded by T. gondii 
Page | 238  
 
were present (Figure 61). These appeared during Ɵme-lapse imaging and moved 
through the Matrigel in elongated forms at a high speed. 
 
Figure 61. Infected gDCs exhibit a hypermigratory phenotype 
Organoids infected with T. gondii were cultured with gDCs and Ɵme-lapse images were obtained using 2-photon 
microscopy (A)Individual Ɵmepoints from a two-photon movie showing T. gondii (red) invaded DCs (green) 
migraƟng in Matrigel. B. Individual Ɵmepoints from a two-photon movie showing the tracks of T. gondii invaded 
(yellow) and bystander (white) DCs across the whole imaging period. Scale bar: 20µm.  
Only a subset of gDCs infected with T. gondii exhibited increased speed coupled 
with elongated morphology. Other infected gDCs remained immoƟle yet acquired 
an elongated morphology (Figure 63A). Others remained aƩached to the organoid 
surface and extended processes (Figure 63B). However, the majority of infected 
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gDCs did not increase in moƟlity compared to uninfected gDCs (Figure 62). The 
observed changes in morphology in infected gDCs were quanƟfied through 
measurements of sphericity and volume using Imaris soŌware. Infected gDCs were 
similar in volume but significantly less spherical than non-infected gDCs in 
cocultures with infected organoids (Figure 62). This is indicaƟve of the increased 
dendriƟc extensions of infected gDCs.  
 
Figure 62. Infected gDCs exhibit reduced sphericity 
Organoids infected with T. gondii were cultured with gDCs and imaged over a period of 1h at 2:40min intervals 
by 2-photon microscopy. MoƟlity was assessed as speed (μm/s), displacement (μm), track length (μm), and 
track straightness, with morphology assessed as sphericity and volume (μm3) of infected and non-infected gDCs. 
These parameters were quanƟfied using Imaris soŌware. **P <0.005. Unpaired sample t test with two-tailed P-
value. Results show 3 independent experiments, 1 sample per condiƟon with duplicate images obtained. Graphs 
show mean +/- SEM. 
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Figure 63. Infected gDCs exhibit elongated morphologies or remain aƩached to organoid surfaces and extend 
process. 
Infected organoids were cultured with gDCs and Ɵme-lapse images obtained. A. Infected gDCs were observed to 
extend processes but remained immoƟle, with an elongated morphology. Scale bar 30um. B. Infected gDCs 
aƩached to organoids remained at the organoid surface with certain gDCs extending processes. In this instance, 
an infected gDCs possessed a parasite within its projecƟon (white arrow) where it moved in both direcƟons. 
Scale bar: 8µm 
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5.4 Discussion 
DCs of the small intesƟnal lamina propria are key regulators of intesƟnal 
homeostasis, playing important roles in bridging innate and adapƟve immune 
responses. Tolerance towards commensal microbiota is driven by DCs that impart a 
tolerogenic phenotype on certain immune cells, such as FoxP3 inducƟon in T cells 
and IgA producƟon in B cells. SI DCs derive from a common progenitor in the BM, 
with their development into pre-cDCs dependent on Flt3L. Upon their arrival to the 
SI LP pre-cDCs are exposed to GM-CSF from ILCs and stromal cells and high levels of 
RA derived from dietary vitamin A that are considered to condiƟon them into 
intesƟnal DCs. The relaƟvely recent improvements in defining markers for DCs and 
macrophages has meant that earlier studies into the funcƟons on intesƟnal DCs are 
difficult to interpret. IntesƟnal DCs are now defined by expression of CD11c and the 
absence of F4/80 and/or CD64. Within this, they are further divided into four 
subsets based on expression of CD103 and CD11b. The cDC1 subset consist of 
CD103+CD11b- cells that are most prominent in the colon LP. The cDC2 subset 
consists of CD103+CD11b+ (DP) and CD103-CD11b+ (SP) cells containing low to 
intermediate expression of CX3CR1, with DP cDC2s the most prominent in the SI LP. 
Recent studies in developing CD103+ cells from BM have been inconsistent in their 
use of growth factors, with Flt3L, GM-CSF, RA, and IL-4 used. Many of these studies 
generated heterogenous populaƟons of cDCs and macrophages with those cDCs 
lacking in subset specific transcripƟonal factors and surface markers of intesƟnal-
like DCs. In our study, BM cells from untreated mice were cultured in Flt3L for 8 
days with GM-CSF and RA added for the last 48h of culture to provide cells mostly 
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consisƟng of the DP cDC2 subset and, to a lesser extent, the SP cDC2 subset. This 
sequenƟal exposure to growth factors mimics the signals in the BM and then the 
small intesƟne. The culture method provides a source of cells that are most 
prominent in the SI LP that is less technically demanding than other methods that 
require treatment of mice with Flt3L and sorƟng for pre-cDCs (Zeng et al., 2016).  
Very liƩle is known about the earliest events following infecƟon with T. gondii in the 
small intesƟnal epithelium, and the interacƟons between the parasite, the intesƟnal 
epithelium, and lamina propria cDCs (Courret et al., 2006; Lambert et al., 2006; 
Coombes et al., 2013). It is thought that DCs are preferenƟally invaded by T. gondii 
in the small intesƟne, and migraƟon of the invaded DCs contributes to parasite 
disseminaƟon. However, the precise Ɵming and molecular mechanisms 
underpinning this pathway remain unclear. InfecƟon of all cDC subsets by T. gondii 
are overrepresented compared to other immune populaƟons, with SP cDC2s 
suggested to be the preferenƟally invaded cDC subset in the SI LP (Cohen and 
Denkers, 2015). However, the DP cDC2 subset is the main migratory subset within 
the SI LP to MLNs in the steady state, and upon Salmonella infecƟon of the small 
intesƟne is the first subset delivering pathogenic anƟgen to the MLNs (Bogunovic et 
al., 2009). T. gondii experiments using animal models were analysed 7 days aŌer 
infecƟon, therefore DP cDC2s may have migrated from the intesƟnal epithelium 
within that Ɵme. In fact, DCs from foci of T. gondii infecƟons in the epithelium were 
absent aŌer 7 days infecƟon, indicaƟng that by this Ɵme DCs may have migrated 
away (Coombes et al., 2013). Therefore, assessing T. gondii infecƟons of the small 
intesƟnal epithelium with DP cDC2s during early infecƟon, as in the model 
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presented here, may reveal interacƟons that have not previously been addressed. 
ProtecƟon against T. gondii infecƟons relies on a Th1 response through IL-12 
producƟon by the cDC1 subset (CD103+CD11b-) (Cohen and Denkers, 2015), 
therefore the development of a culture system to develop these cells may also be 
useful for studying host pathogen interacƟons in T. gondii infecƟons. GeneraƟon of 
bona fide cDC1 has recently been achieved through the exposure of BM progenitor 
cells to Flt3L and Notch signalling and could be adapted by the provision of RA to 
generate cDC1s with a gut-like phenotype (Kirkling et al., 2018). 
To develop bona fide cDCs in culture they would need to express characterisƟc 
transcripƟon factors such as Baƞ3 and Irf8 in cDC1s and Irf4 and Notch2 in cDC2s. 
Previous studies that aimed to increase CD103+ cells in BM cultures did not 
resemble in vivo populaƟons. For instance, the addiƟon of GM-CSF to Flt3L BM 
cultures produced CD103+CD11b- cells that were Id2+ but Baƞ3-, therefore cannot 
be termed bona fide cDC1s since this subset requires the expression of both 
transcripƟon factors (Jackson et al., 2011). The expression of Baƞ3 is induced in 
prolonged cultures with Flt3L and GM-CSF, however these cells are also 
CD103+CD11b+ whereas Baƞ3 is expressed in cDC1s only (Mayer et al., 2014). Cell 
surface expression profiles are also important in defining cDC subsets, such that 
pre-cDCs cultured in Flt3L and GM-CSF lack TLR3 and Clec9a on cDC1s, and TLR11 
and CD101 on cDC2s (Zeng et al., 2016). RA is a key component in generaƟng cDCs 
from Flt3L and GM-CSF cultures to improve the similariƟes in transcripƟon factors 
and cell surface markers of cDC1s and cDC2s to their in vivo counterparts, however 
this technique involves the pre-treatment of mice with Flt3L and subsequent sorƟng 
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of BM cells for pre-cDCs (Zeng et al., 2016). Nonetheless, the addiƟon of RA to pre-
cDC BM cultures downregulates Irf4 expression in cDC1 populaƟons, and increases 
Irf4 and Notch2 in cDC2s, thereby also increasing the generaƟon of cDC2 
populaƟons (Zeng et al., 2016). RA also increases cell surface markers TLR3 and 
Clec9a in cDC1s, and TLR11 and CD101 in cDC2s providing a culture with cDCs that 
more closely resembles the cDC subsets in vivo. In our study we have developed a 
culture method to generate a large populaƟon of cDC2s most prominent in 
CD103+CD11b+ cells that resemble the phenotype of gut-like cDCs. Further 
characterisaƟon of this newly developed culture by qPCR or RNA-Seq would be 
necessary to assess transcriptomic profiling that will determine the condiƟoning 
levels of cDC subsets and their relevance to bona fide intesƟnal cDCs. 
 To further evaluate the relevance of these cultured gut-like DCs, comparisons were 
made to DCs isolated from the SI LP. A protocol was opƟmised to purify SI LP DCs 
from mice and assess their phenotype by flow cytometry. Using MACS enrichment 
for CD11c provided a heterogenous populaƟon of DCs and macrophages based on 
F4/80 expression. However, a proporƟon of F4/80+ cells also expressed CD103. It 
has been suggested that DCs can have low levels of F4/80 expression (Sichien et al., 
2017), although this is controversial and is generally considered that DCs of the SI LP 
are F4/80- . The addiƟon of CD64 macrophage marker may add further clarificaƟon 
to this discrepancy in the literature. Within our study, it was considered that any 
level of F4/80 expression renders the cell a macrophage. DP cDC2s were the 
dominant subset of DCs isolated from the LP, which reflects previous studies of the 
conformaƟon of cDC subsets in the small intesƟne (Denning et al., 2011; ScoƩ et al., 
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2015). The BM cultures in our study produce cDCs with a subset composiƟon 
representaƟve of those found in the SI LP and is therefore a relevant culture 
method. DCs from the LP contain similar, low proporƟons of ALDH+ cells in all 
subsets bar the DN cDC2 subset that contain almost no ALDH expression (Cohen 
and Denkers, 2015). In our BM cultures all the cDC subsets bar the DN cDC2s have a 
greater proporƟon of ALDH expression than those found in the SI LP. The higher 
proporƟon of ALDH+ cells may also indicate a greater quanƟty of tolerogenic cDCs 
since RA suppresses pro-inflammatory NF-κB target genes, parƟcularly in the cDC1 
subset (Zeng et al., 2016).  
CD103 aƩaches to E-cadherin on the epithelial cell surface and allows close contact 
to the small intesƟnal epithelium for condiƟoning during resƟng and infecƟve 
states. The close associaƟon also allows for the transfer of anƟgens from the lumen 
for subsequent migraƟon to MLNs and T cell inducƟon. However, the importance of 
CD103 itself in this close associaƟon is uncertain since DCs from CD103-/- mice had 
the same ability to induce gut-homing receptors on T cells, suggesƟng condiƟoning 
was intact (Jaensson et al., 2008). However, the contact between CD103+ cDCs and 
the small intesƟnal epithelium may improve reacƟon Ɵme to infecƟons. InteracƟons 
between organoids and BM-derived DCs or those isolated from the SI LP were 
assessed and compared using Ɵme-lapse imaging by 2-photon microscopy, with SI 
LP DCs displaying a greater moƟlity than those cultured from BM. Other studies 
have imaged DCs in the small intesƟne and have shown that CD103+ DCs exhibit a 
relaƟvely slow moƟlity in the LP, although this was not quanƟfied (Farache et al., 
2013). DCs within the epithelium itself and those crawling along the small intesƟnal 
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epithelium possess much greater moƟliƟes (Farache et al., 2013). This was observed 
in our study with DCs isolated from the LP and cultured with organoids whereby the 
DCs aƩached to the organoid and crawled along its surface, however these DCs 
were not seen between organoid cells. This was also evident to some degree with 
gDCs at a slower average speed, and to a lesser extent in BMDCs whereby they 
remained fixed to organoid surfaces and extended processes along the surface. 
However, it has been suggested that the processing of small intesƟnal Ɵssue 
through collagenase digesƟon to isolate DCs may elicit their acƟvaƟon which may 
suggest a possible reason why isolated SI LP DCs exhibit greater speeds and smaller 
volumes (Geem et al., 2012). Another possibility is that since SI LP DCs are fully 
condiƟoned, DCs derived from BM cultures are likely less developmentally similar as 
they have not been exposed to the same factors. Also, the isolated SI LP DCs had a 
minor populaƟon of contaminaƟng macrophages that may account for the small 
fracƟon of cells that exhibited greater speeds.  
Studies have displayed the ability of DCs to sample the luminal space of the small 
intesƟne from the LP through transepithelial dendrites (Niess et al., 2005; Chieppa 
et al., 2006; McDole et al., 2012; Farache et al., 2013). These uƟlised intravital 
imaging in dual reporter mice expressing fluorescence proteins under the CD11c 
and CX3CR1 promoters. Although cDC2 cells express low to intermediate levels of 
CX3CR1, this marker was used to disƟnguish macrophages. Transepithelial sampling 
was only seen during Salmonella infecƟons and occurred at a very low rate only by 
CD11c+CX3CR1- cells, likely represenƟng the cDC1 subset. Another study showed 
sampling by CX3CR1+ cells that were defined as DCs, but now can’t be disƟnguished 
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from macrophages due to the selecƟon of inappropriate surface markers (Niess et 
al., 2005; Chieppa et al., 2006). In our study, only cultured gDCs that were 
condiƟoned with RA were observed sampling the lumen of organoids through 
transepithelial dendrites, seen twice in eight samples obtained. The gDC culture 
mostly consisted of DP cDC2s, that supposedly express low levels of CX3CR1 (ScoƩ 
et al., 2015; Joeris et al., 2017). Therefore, transepithelial sampling may not be 
restricted to cDC1s as previously thought and does not require infecƟon for this 
behaviour to be observed. Although differences in moƟlity and volume were 
present between DCs in this study, gDCs exhibited similar characterisƟcs to 
intesƟnal DCs in sampling behaviour and crawling along organoid surfaces. Further 
condiƟoning may improve their gut-like phenotype and since the final 
developmental stage is suggested to be within the SI LP, organoids may provide the 
necessary factors to achieve this. 
The small intesƟnal epithelium is suggested to condiƟon cDCs into a mucosal 
phenotype through expression of TSLP, TGF-β, and RA, and direct contact with E-
cadherin through CD103 signalling (Rimoldi et al., 2005; McDonald et al., 2012; 
Yokota-Nakatsuma et al., 2016; Bain et al., 2017). RA plays a vital role in intesƟnal 
homeostasis and cDC development by increasing CD103 and ALDH expression 
(McDonald et al., 2012; Zeng et al., 2016). Epithelial cells are an important source of 
RA in the small intesƟne, therefore we assessed if organoids can condiƟon BMDCs 
and gDCs towards gut like phenotypes. Unexpectedly, BMDCs and gDCs cocultured 
for 24h with organoids did not increase expression of either ALDH or CD103. On the 
contrary, ALDH producƟon was repressed to only a Ɵny fracƟon of gDCs and BMDCs 
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which contrasts studies using a murine epithelial cell line for IEC-condiƟoned 
medium with DCs that resulted in their expression of ALDH (Iliev, Spadoni, et al., 
2009). IntesƟnal epithelial cells express ALDH1a1 for metabolising dietary vitamin A 
into RA that condiƟons DCs to produce RA themselves, therefore a possible reason 
for not increasing ALDH expression may be due to the lack of vitamin A (or reƟnol) 
for organoids to metabolise. However, reƟnol added to organoid cultures did not 
increase ALDH expression in either gDCs or BMDCs, resulƟng in the same level of 
suppression. Another source of RA in the intesƟne derives from stromal cells that 
also condiƟon DCs to express RA. Stromal cells also express GM-CSF that is required 
to maintain RA expression in DCs (Vicente-Suarez et al., 2015). The absence of a 
GM-CSF source in these coculture models may contribute to the reducƟon in ALDH 
in DCs, however, no reducƟon in ALDH expression was observed in gDCs and BMDCs 
cultured in Matrigel alone, where GM-CSF was also not present. This suggests the 
producƟon of an inhibitory factor by the epithelium against ALDH expression. CCR7 
is expressed on DCs during inflammaƟon and infecƟon of the small intesƟne, and 
the proporƟon of DCs expressing CCR7 in culture with organoids was greater than 
those DCs cultured alone. Inflammatory signals such as TNF have been implicated in 
the suppression of ALDH expression in DCs (Sato et al., 2013). The suppression of 
ALDH along with the increase in CCR7+ cells may suggest a possible inflammatory 
state of the organoids, however evaluaƟng the cytokine expression in organoid 
cultures is necessary to confirm this. The microbiota influences intesƟnal 
homeostasis by inducing tolerogenic cytokine expression in immune cells derived by 
TLR signalling and metabolism of dietary products such as vitamin D and butyrate. 
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Without the presence of microbiota or dietary products to reverse the possible 
inflammatory signals expressed by organoids, DCs may be driven to an 
inflammatory phenotype. 
IntesƟnal DCs bridge the innate and adapƟve immune responses, driving tolerance 
to commensal bacteria and clearance of pathogens through inflammaƟon. 
InfecƟons of intesƟnal epithelial cells induce expression of cytokines and 
chemokines that aƩract DCs to the sites of infecƟon (Cruickshank et al., 2009). 
InfecƟons of IEC monolayer cultures with T. gondii results in the producƟon of 
varying cytokines including IL-8, TNF-α, CCL5, and IL-6, and anƟmicrobial pepƟdes 
such as β-defensins (Ju, Chockalingam and Leifer, 2009; Morampudi, Braun and 
D’Souza, 2011; Guiton et al., 2017; S.-W. Huang et al., 2017). Low dose T. gondii 
infecƟons result in a Th1 response, driven by the cDC1 subset through IL-12 
expression. Direct invasion of intesƟnal DCs, preferenƟal in the SP cDC2 subset, 
decreases IL-12 and ALDH expression, whereas uninfected DCs increase expression 
of these factors (Cohen and Denkers, 2015). Due to lack of relevant models, early 
DC responses following infecƟon of the small intesƟnal epithelium with T. gondii 
have not been studied. Current models rely on live animals inoculated with the 
parasite and intesƟnal DCs assessed days aŌer infecƟon due to difficulƟes in 
locaƟng foci of infecƟon early on. Organoids allow for the study of early infecƟon 
events and are also more relevant than monolayer cultures due to their increased 
cellular diversity and similar architecture to the small intesƟnal epithelium. 
Cocultures of BMDCs or gDCs with organoids infected with T. gondii did not 
sƟmulate increased recruitment of DCs to the organoid surface. This coculture 
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infecƟon model was assessed aŌer 24h of infecƟon, therefore T. gondii invasion had 
already been established. IntesƟnal DCs have been proposed to play a role in the 
early disseminaƟon of parasites since DP cDC2s transport pathogens such as 
Salmonella at early stages of infecƟon and DCs are not seen at sites of T. gondii 
infecƟons in the intesƟne aŌer 7 days (Courret et al., 2006; Coombes et al., 2013). 
Therefore, the established T. gondii infecƟons within organoids may not be 
sufficient to drive DC recruitment. MicroinjecƟons of T. gondii into the lumen of 
organoids already in culture with gDCs will allow for the study of the very earliest 
infecƟon events and should be considered for future research. 
The disseminaƟon of T. gondii from the small intesƟne to other locaƟons 
throughout the body is reliant on immune cells. There are variabiliƟes between T. 
gondii strains in the ability to disseminate, whereby type I parasites do not use 
immune cells and likely migrate through the blood, and types II and III hijack the 
migratory characterisƟcs of immune cells such as DCs (Lambert et al., 2009). DCs 
take on a hypermoƟle phenotype and amoeboid morphology upon infecƟon with T. 
gondii type II Pru strain (Fuks et al., 2012; Weidner et al., 2013; Kanatani, Uhlén and 
Barragan, 2015; Kanatani et al., 2017). Upon infecƟon, DCs increase their surface 
expression of CCR7 and lose podosomes that otherwise interact with the ECM that 
consequently increases their migraƟon potenƟal (Weidner et al., 2013). This 
increased migraƟon also occurs in 3D cultures of collagen (Kanatani, Uhlén and 
Barragan, 2015). However, in our study gDCs infected with T. gondii did not increase 
in moƟlity determined by speed, track length and track displacement. A possible 
explanaƟon may lie with the viability of the parasites in the coculture systems 
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whereby infected organoids were incubated for 24h before the addiƟon of gDCs, 
allowing for extracellular T. gondii to perish. Increased DC moƟlity occurs only aŌer 
acƟve invasion of live parasites (Weidner et al., 2013), therefore the T. gondii seen 
in gDCs within our experiment may not have been viable in order to induce a 
hypermoƟle phenotype and may have been phagocytosed by the gDCs rather than 
through acƟve invasion. Although DCs display a more rounded morphology when 
infected with T. gondii (Kanatani, Uhlén and Barragan, 2015), our study showed that 
intracellular parasites decreased sphericity in gDCs. Once again, this may be due to 
the viability of T. gondii in our study since heat-inacƟvated T. gondii only caused 
discrete morphological changes in DCs (Weidner et al., 2013). However, the studies 
just menƟoned uƟlised DCs that derived from human monocytes or from mouse BM 
cultured in GM-CSF. Monocyte-derived DCs (moDCs) and cDCs derive from different 
precursors in the BM and with the newly defined phenotypic markers for DCs, early 
studies into the funcƟons of moDCs are difficult to interpret since they contained 
many overlapping markers with macrophages. Although moDCs express the cDC 
transcripƟon factor Zbtb46, they are thought to impose an inflammatory role and 
are recruited to sites of inflammaƟon (Zigmond et al., 2012; Segura and Amigorena, 
2013). Due to the poorly defined characterisƟcs of moDCs, their use as T. gondii 
infecƟon models for DCs may not be relevant. The BM-derived DCs used in previous 
infecƟon studies uƟlised GM-CSF as the growth factor, which has now been 
determined to generate a heterogenous populaƟon of DCs and macrophages (HelŌ 
et al., 2015). Therefore, these studies may not fully represent host-pathogen 
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interacƟons and the use of gDCs developed in our study may be a more suitable 
alternaƟve.  
In this study a novel and straighƞorward method for the generaƟon of gut-like DCs 
has been established that does not require procedures in mice or isolaƟon of pre-
cDCs, providing a predominantly DP cDC2 populaƟon that is most prominent within 
the SI LP. The coculture of intesƟnal organoids with these DCs provides a novel 
model of the intesƟnal epithelium with gut-like DCs that could be used to answer 
key quesƟons relaƟng to immune homeostasis of the intesƟne, chronic 
inflammatory diseases, and enteric infecƟons.   
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Chapter 6: General discussion 
The development of organoid cultures provides an in vitro model of the small 
intesƟnal epithelium that recapitulates the cellular diversity and structure to its in 
vivo counterpart. However, technical challenges associated with the 3D 
conformaƟon of organoids means they have not been fully exploited to study 
enteric parasiƟc infecƟons. The work set out in this thesis dissertaƟon established 
novel infecƟon models of organoids with T. gondii, and live imaging revealed 
potenƟal novel behaviours of parasite-invaded cells. Organoid models were further 
developed to incorporate gut-like DCs, allowing the analysis of epithelial-DC 
interacƟons and the effects of DCs on epithelial response to infecƟon. CollecƟvely 
these models will allow us to explore the mechanisms of host defence against 
enteric parasiƟc infecƟon and to test novel therapeuƟcs and vaccines. 
In Chapter 3, partly dissociated organoids were infected with T. gondii in suspension 
before culture in Matrigel. The dissociaƟon of organoids during this process allowed 
the parasite to access and invade the luminal surface of the epithelium but did not 
restrict infecƟons to this route. Nonetheless, the parasite successfully invaded and 
replicated in organoids. Organoids generated from a Cre-reporter mouse model 
allowed for the visual verificaƟon of successful invasion as determined by the 
expression of membrane GFP in response to secreƟon of T. gondii toxofilin-Cre into 
the host cell cytosol. Membrane GFP fluorescence was also detected in host cells 
that did not contain parasites, either as a result of infected cells dividing, or through 
the aborted invasion of host cells by the parasite, or through the host cell clearance 
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of the parasite by autophagy. This uninfected-injected phenotype has been 
described in the brains of mice where these uninfected-injected cells greatly 
outnumber infected cells, and in human foreskin fibroblasts but never before in the 
intesƟnal epithelium, thereby supporƟng to the relevance of this organoid model 
(Koshy et al., 2012). Extending the live imaging period of infected organoids would 
allow for the observaƟon of the sequence of events leading to eGFP expression, 
discriminaƟng between the division of eGFP+ cells, aborted invasion events, and 
autophagy. Membrane GFP is expressed upon exposure to a Cre-fusion protein with 
toxofilin, a rhoptry protein. The release of rhoptry proteins into the cytoplasm of 
host cells affects cell funcƟon. For example, ROP16  acƟvates host STAT3, leading to 
reduced IL-12p40 producƟon (Saeij et al., 2007). IL-12p40 is important in driving T 
and NK cell producƟon of IFN-γ which is criƟcal to protect the host from infecƟon. 
Since T. gondii infects a small proporƟon of cells, the reducƟon in IL-12 may not be 
significant compared to uninfected cells that are responding to infecƟon. Therefore, 
the ability to reduce IL-12 in more than just the cell it invades may be an advantage. 
This wider reaching effect can be achieved through injecƟon of effector proteins 
into cells that the parasite does not invade. However, STAT3 acƟvaƟon is not seen 
in type II strains of T. gondii. Rather, type II strains induce a greater NF-κB acƟvaƟon 
than types I and III through the expression of GRA15, however this is only expressed 
aŌer invasion since this is a protein associated with the PV (Rosowski et al., 2011). 
Nonetheless, our model can be used to idenƟfy other parasite effectors that may 
act in a similar way to ROP16 in affecƟng host cell response within the small 
intesƟnal epithelium.  
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The aborted invasion events may be due to a preferenƟal invasion of a certain IEC 
type. Cell tropism in the intesƟne occurs in infecƟons with norovirus that select for 
the invasion of tuŌ cells (Wilen et al., 2018), and Mycobacterium avium 
paratuberculosis in goblet cells (Golan et al., 2009). However, it remains uncertain 
whether T. gondii exhibit cell tropism within the small intesƟnal epithelium. Staining 
for specific intesƟnal cell types in infected organoid samples will determine whether 
T. gondii displays any preference, and if the uninfected-injected cells are part of a 
cell selecƟon process by T. gondii. If so, the organoid model could be further 
employed to dissect the parasite factors responsible for driving this specificity and 
the molecular pathways that might mediate this specificity.  
Live imaging also provided evidence of interesƟng host cell behaviour whereby 
infected cells were expelled into the lumen.  This could explain the spread of 
infecƟon within the small intesƟne observed in vivo. A low number of infecƟon sites 
are present in the small intesƟne early aŌer oral infecƟon with T. gondii, but the 
number of infecƟon sites increases aŌer 7 days, with viable tachyzoites present 
within the lumen (Coombes et al., 2013; Gregg et al., 2013). The release of viable 
tachyzoites into the lumen may allow for autoinfecƟon of other epithelial cells, 
explaining the increase in infecƟon sites. However, it is uncertain whether this is the 
case or whether expulsion of infected epithelial cells is a host defence mechanism. 
Increasing the Ɵme-lapse imaging period of infected organoids may aid is 
elucidaƟng whether released tachyzoites are able to form new foci of infecƟon.  
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The advantage of using the organoid dissociaƟon method for T. gondii infecƟon is 
that it allows for high throughput analyses, such as drug screenings for compounds 
that inhibit parasite invasion and replicaƟon. This could include the Pathogen Box 
that has been used to idenƟfy possible compounds to prevent T. gondii growth in 
Vero cells (Spalenka et al., 2018). The Pathogen Box is a freely available collecƟon of 
400 compounds with confirmed acƟvity against pathogens iniƟally designed for 
developing drugs against malaria. Applying the Pathogen Box to infected organoids 
may reveal more relevant compounds as potenƟal drug targets. This would also 
allow for studying any undesirable off-target effects on a more relevant model of 
the intesƟnal epithelium. However, this method of infecƟon does not restrict 
infecƟon to the apical surface. This is important since IECs are polarised, containing 
different receptors at different densiƟes between the apical and basal sides, 
meaning responses to infecƟon may differ depending on which surface of the 
epithelium that this occurs. This also makes it difficult to image the transmigraƟon 
of the parasite from the luminal to basal surface.  
An issue with employing organoids as a disease model is that the luminal surface is 
enclosed and difficult to access. MicroinjecƟon techniques have been used to insert 
viral and bacterial pathogens into the lumen, but at the beginning of this project 
this technique had not been used for relaƟvely larger parasites. Only in July of this 
year was this achieved for Cryptosporidium parvum (Heo et al., 2018). 
MicroinjecƟon of T. gondii was a challenging technique to opƟmise, requiring the 
generaƟon of microneedles of suitable bore size to prevent blockages, and 
development of injecƟon proficiency. Successful microinjecƟon of T. gondii took 2 
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years to opƟmise and was not completed unƟl near the end of this thesis 
dissertaƟon. Therefore, this model could not be fully exploited. Nonetheless, this 
technique allowed for the successful invasion of T. gondii from the luminal surface, 
albeit at a very low rate. This is comparable to the scarcity of infecƟous foci seen in 
vivo and in the organoid model described in chapter 3,  suggesƟng it may reflect 
robust host defence mechanisms (Coombes et al., 2013; Gregg et al., 2013). As with 
the dissociaƟon infecƟon model, microinjecƟons can help determine whether T. 
gondii displays tropism for parƟcular epithelial cell populaƟons. Paracellular 
migraƟon of T. gondii was observed during live imaging of the infecƟon models 
using dissociaƟon of organoids. However, this infecƟon pathway was not limited to 
the luminal to basal route. Therefore, microinjecƟons of T. gondii would provide a 
means to study the relevant transmigraƟon pathway. 
This microinjecƟon model can also be applied to beƩer understand how different 
clonal lineages of T. gondii differ in their virulence and capacity for paracellular 
migraƟon (Lambert et al., 2009). T. gondii strains differ in their ability to 
transmigrate across the intesƟnal epithelium whereby type I strains have long-
distance migraƟon and transmigrate at much faster speeds than type II and type III 
strains (Barragan and Sibley, 2002).  This model would help elucidate the 
significance of the route of infecƟon for disseminaƟon between strains and 
elucidate common factors involved in their infecƟon and transmigraƟon that could 
be used to develop vaccines. Each strain also differ in their acƟvaƟon of host cell 
response, such as NF-κB signalling (Rosowski et al., 2011), therefore this infecƟon 
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model can be used to discover the properƟes that influence difference host cell 
responses between strain types. 
Work performed in the lab in parallel to this project led to the development of 
novel bovine organoid cultures, which we were also able to successfully microinject 
(DerricoƩ et al., 2018; Hamilton et al., 2018).  This opens up the opportunity to 
study the host epithelial response to major enteric pathogens of livestock, such as 
Cryptosporidium parvum and bovine viral diarrhoea. Our current knowledge on the 
small intesƟnal epithelial response to C. parvum within caƩle is extremely limited 
due to the difficulƟes in ascertaining suitable models. Current in vitro models of C. 
parvum infecƟons rely on monolayer cultures derived from kidney or colonic cell 
lines that are not representaƟve of the intesƟnal epithelium in which this parasite 
preferenƟally invades. MicroinjecƟons of C. parvum in organoids derived from the 
human small intesƟne have be shown to support parasite infecƟon and generaƟon 
of infecƟous oocysts (Heo et al., 2018). However, these organoids were generated 
from monogastrics, so may not be representaƟve of bovine infecƟons. Therefore, 
the use of bovine organoids and the microinjecƟon technique will provide a species-
relevant infecƟon model that may help in establishing new insights into developing 
therapeuƟcs against zoonoƟc enteric infecƟons.  
With the establishment of a microinjecƟon protocol for T. gondii, the bradyzoite or 
sporozoite forms can be injected into organoids. However, due to the difficulƟes in 
culturing bradyzoites and sporozoites, tachyzoites were used in this study due to 
their ease of culture. Using bradyzoites or sporozoites would be more suitable since 
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these are the forms ingested that infect the epithelium. Host cell response differ 
between the developmental stages of T. gondii, for example, sporozoites induce a 
TNF-α response via NF-κB in host cells that is not seen in tachyzoite infecƟons 
(Guiton et al., 2017). Sporozoites also have 85 genes not present in tachyzoites that 
encode secretory proteins that have not been characterised (Guiton et al., 2017). 
Also, the differenƟally expressed proteins in each developmental stage may incur 
different host cell responses to infecƟon (Wang et al., 2017). Bradyzoite infecƟon 
induces a reduced host cell response in HFFs compared to tachyzoites, such as the 
dampened expression of the chemokine CCL2 (Fouts and Boothroyd, 2007). 
Therefore, using bradyzoites and sporozoites may be a more relevant model for 
early infecƟon of the small intesƟne. The in vitro development of bradyzoites is 
achievable through the reducƟon in pH and ambient CO2 condiƟons in infected cell 
lines (Weilhammer et al., 2012), or through isolaƟon of cysts from the brains of 
infected mice. InjecƟons of bradyzoites into organoids may reveal novel 
mechanisms in T. gondii infecƟons. 
In chapter 5, DCs with an intesƟnal-like phenotype were generated from BM, 
referred to as gDCs. This is a method that can be easily replicated in other research 
laboratories, unlike methods already published that require treatment of mice and 
sorƟng for pre-cDCs (Zeng et al., 2016), necessitaƟng the need for a home office 
license and a specialised flow cytometry facility. Adding gDCs to organoids provides 
a novel in vitro model allowing for the analysis of interacƟons between intesƟnal 
DCs and an appropriate model of the small intesƟnal epithelium. InteracƟons were 
observed in preliminary studies of the coculture model whereby contact points 
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between gDCs and organoids someƟmes led to the expulsion of an organoid cell. 
This could be a cause for the increased circularity of organoids, indicaƟve of 
increased cell shedding, in coculture samples.  The most interesƟng observaƟon was 
the luminal sampling behaviour exhibited by gDCs, likely to be cDC2s, in the 
absence of any overt sƟmuli. This contrasted with in vivo models, where cDC1 
performed sampling behaviour only in response to infecƟon. TLR signalling in the 
intesƟnal epithelium recruits CD103+ cDCs that subsequently sample the lumen 
(Farache et al., 2013). Therefore, the mechanisms involved in iniƟaƟng sampling 
behaviour can be studied using the novel coculture model developed in our study. 
For example, CD103 integrin binds to E-cadherin on epithelial cell surfaces, 
therefore using CD103-/- mice to generate gDCs may reveal the importance of 
CD103 expression in sampling behaviour. This mouse model may also reveal the 
importance of CD103 in the cellular shedding seen in organoid cocultures. These 
provide a suitable model for studying intesƟnal DC characterisƟcs, and for infecƟons 
with T. gondii since current models use BM cultures that contain contaminaƟng 
macrophages, or moDCs that are generated through a different developmental 
pathway to cDCs and therefore may not be funcƟonally similar. 
UƟlising the microinjecƟon technique, microbial components can be inserted into 
the lumen of organoids in coculture with gDCs to assess the condiƟoning effects on 
gDCs. The microbiota is thought to play a key role in the iniƟaƟon of tolerance by 
driving the generaƟon of tolerogenic DCs. Understanding the molecular 
mechanisms involved in driving this tolerogenic phenotype may also improve our 
understanding into the development of inflammatory diseases such as Crohn’s 
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disease. The pathogenesis of Crohn’s disease is largely unknown but is suggested 
that the impaired sensing and killing of commensal bacteria contribute to the onset 
of disease. AddiƟonally, since very liƩle is known about the interacƟons between 
DCs and the intesƟnal epithelium, the use of transgenic or knockout mouse models 
to generate organoids and gDCs would help establish the parƟcular molecular 
pathways involved in their communicaƟon during intesƟnal homeostasis and 
inflammaƟon. The downregulaƟon of ALDH together with increased CCR7 
expression in gDCs cocultured with organoids suggests a possible inflammatory 
state of organoids, which may have wider implicaƟons for the current use of 
organoids in research studies. Further analysis may reveal the inhibitory factors 
involved, with possible associaƟons to inflammatory bowel diseases. The 
observaƟons of luminal sampling may also be an indicaƟon of organoid 
inflammaƟon, since it is suggested that only through TLR signalling does luminal 
sampling occur. The development of culture methods to maintain organoids in a 
reduced inflammatory state may involve the applicaƟon of IL-22. This cytokine is 
produced by immune cells and is involved in intesƟnal epithelial repair and reduces 
colonic inflammaƟon (Monteleone et al., 2011; Lindemans et al., 2015).  
The establishment of protocols for infecƟng organoids with T. gondii have provided 
models that can be uƟlised to answer many outstanding quesƟons of early infecƟon 
events. The straighƞorward method for the generaƟon of relevant intesƟnal-like 
DCs from BM makes this technique accessible to many research laboratories. The 
addiƟon of gDCs to organoids provides a novel in vitro coculture model that can be 
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applied to a wide range of intesƟnal diseases and infecƟons to idenƟfy vaccine 
targets or molecular pathways for the development of therapeuƟcs. 
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Supplementary Movies 
Movie S1: Infected cells are expelled into the lumen of organoids  
Organoids from ROSA mT/mG mice were infected with T. gondii Pru-tdTom-Cre for 24h and Ɵme-lapse imaging by 
2-photon microscopy. Infected cells that are also eGFP+ were observed being expelled into the lumen of 
organoids. 
Movie S2: Organoid cells infected with T. gondii are expelled into the lumen, with the parasite remaining 
within the epithelium 
Organoids from ROSA mT/mG mice were infected with T. gondii Pru-tdTom-Cre for 24h and Ɵme-lapse imaging by 
2-photon microscopy. Time-lapse image shows a secƟon of an infected organoid. The eGFP+ cell is expelled into 
the lumen, with the parasite remaining within the organoid epithelium. Scale bar 15µm 
Movie S3: T. gondii microinjected into organoid lumen exhibits helical movement and aƩachment to cell 
ROSAmG/mT organoids (red) were microinjected with T. gondii Pru-GFP (green) and Ɵme-lapse, z-stack images 
obtained by 2-photon microscopy over a 2h period. MoƟle T. gondii was observed within the organoid lumen 
and aƩachment to a cell that is likely dead as determined by its lack of fluorescence. 
Movie S4: Cell shedding in organoids occur at sites of gDC aƩachment 
gDCs were generated by culture of BM cells as described above. gDCs were labelled with CFSE and added to the 
Matrigel of ROSAmT/mG organoids for live imaging by 2-photon microscopy. Z-stack Ɵme-lapse images were 
obtained. Cell shedding can be observed at points of gDC contact with the organoid epithelium. 
Movie S5: BMDCs in coculture with organoids 
BMDCs were generated by culture of BM cells with Flt3L and the last 48h with GM-CSF. BMDCs were labelled 
with CFSE and added to the Matrigel of ROSAmT/mG organoids for live imaging by 2-photon microscopy. Z-stack 
Ɵme-lapse images were obtained. Two-photon movie showing CFSE-labelled BMDCs (green) co-cultured with 
Rosa-mT/mG organoids (red).  
Movie S6: gDCs in coculture with organoids 
gDCs were generated by culture of BM cells in Flt3L and the last 48h with GM-CSF and RA. The gDCs were 
labelled with CFSE and added to the Matrigel of ROSAmT/mG organoids for live imaging by 2-photon microscopy. 
Z-stack Ɵme-lapse images were obtained. Two-photon movie showing CFSE-labelled gDCs (green) co-cultured 
with Rosa-mT/mG organoids (red). 
Movie S7: SI LP DCs in coculture with organoids 
SI LP DCs were isolated as described above. DCs were labelled with CFSE and added to the Matrigel of 
ROSAmT/mG organoids for live imaging by 2-photon microscopy. Z-stack Ɵme-lapse images were obtained. Two-
photon movie showing CFSE-labelled SI LP DCs (green) co-cultured with Rosa-mT/mG organoids (red). 
Movie S8: BMDCs interact with organoid surface  
BMDCs were cultured with organoids and Ɵme-lapse images were acquired by 2-photon microscopy. BMDCs 
aƩached to organoids extended processes along the surface but were less moƟle than gDCs and SI LP DCs. 
Movie S9: gDCs crawl along the organoid surface  
gDCs were cultured with organoids and Ɵme-lapse images were acquired by 2-photon microscopy. gDCs 
displayed greater crawling ability along the organoid surface than BMDCs.  
Movie S10: SI LP DCs crawl along the organoid surface  
SI LP DCs were cultured with organoids and Ɵme-lapse images were acquired by 2-photon microscopy. SI LP DCs 
displayed greater crawling ability along the organoid surface than BMDCs and gDCs.  
Movie S11: gDCs extend dendrites into the luminal space of organoids for sampling 
gDCs were labelled with CFSE and added to the Matrigel of ROSAmT/mG organoids for live imaging by 2-photon 
microscopy. Z-stack Ɵme-lapse images were obtained. A, gDC extends a dendriƟc process into the lumen of an 
organoid for sampling. B, another culture of gDC can be seen extending a dendrite into the lumen of the 
organoid for sampling, C just the CSFE channel of B to show the extended dendrite. 
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Movie S12: Organoids contained intraluminal gDCs  
gDCs were labelled with CFSE and added to organoids cultured from ROSAmT/mG mice with z-stack, Ɵme-lapse 
images obtained using 2-photon microscopy. Intraluminal gDCs were observed. 
Movie S13: Cultures of gDCs with T. gondii  
gDCs were cultured with T. gondii Pru-tdTom-Cre as a control. Time-lapse images were acquired over a 1h 
period at 2:40min intervals using 2-photon microscopy.  Two-photon movie showing gDCs (green) cultured with 
T. gondii (red) in Matrigel.  
Movie S14: Cultures of gDCs with organoids 
ROSAmT/mG organoids were cultured with gDCs labelled with CFSE and Ɵme-lapse images were acquired over a 
1h period at 2:40min intervals using 2-photon microscopy. Two-photon movie showing gDCs (green) cultured 
with organoids (red) infected with T. gondii (red) in Matrigel. 
Movie S15: Cultures of gDCs with T. gondii-infected organoids 
Infected ROSAmT/mG organoids were cultured with gDCs labelled with CFSE and Ɵme-lapse images were acquired 
over a 1h period at 2:40min intervals using 2-photon microscopy. Two-photon movie showing gDCs (green) 
cultured with organoids (red) in Matrigel.  
Movie S16: Gut-like DCs aƩached to the surface of organoids extend processes towards sites of infecƟons. 
Organoids infected with T. gondii for 24h were cocultured with gDCs and Ɵme-lapse images were obtained as 
preciously described. AƩached gDCs to the surface of organoids extended processes towards sites of infecƟon.   
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